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Stanistaw ANTAS!

METODY OBLICZE N PARAMETROW
KOLEKTORA STOSOWANE W PROJEKCIE
KONCEPCYJNYM SPREZARKI PROMIENIOWEJ]

W wielu konstrukcjach jednostopniowych sfarek odrodkowych oraz osiowo-
promieniowych lotniczych silnikéwmigtowych i smiglowcowych w celu zmniej-
szenia pgdkosci oraz zwgkszenia dinienia statycznego strumienia powietrza sto-
suje s¢ odpowiednio uksztattowany kolektor umieszczonybeatopatkowym lub
topatkowym dyfuzorem. Dyfuzor spiralny jest jedngmaasadniczych typéw dyfu-
zorow. Kolektor stanowi kanat o mie uksztattowanych przekrojach poprzecz-
nych, rozszerzagy sk stopniowo w kierunku obrotu wirnika i obejmuay po-
przedzajcy dyfuzor walcowym otworem wlotowym. W celu zapéama prawi-
dtowej pracy dyfuzora spiralnego jego parametryngetoyczne winny b§ odpo-
wiednio dobrane. W pracy przedstawiono dwie zasae@nimetody oblicze para-
metrow geometrycznych dyfuzora spiralnego: stalgkuacji oraz pedkosci
sredniej. Wymienione metody (zalecane do stosowaniaojekcie koncepcyjnym
sprzarki) oparto na réwnaniu zachowania energii - rémmaenergetycznym
przeptywu, réwnaniu ggtosci, pierwszej zasadzie termodynamiki, rGwnaniu mo-
mentu ilégci ruchu Eulera, funkcjach gazodynamicznych ordimagach stosowa-
nych w teorii maszyn wirnikowych. Przeprowadzonozeg6tovy analiz parame-
trow geometrycznych kolektorow mdych rodzajéw konstrukcyjnych. Zaprezen-
towano take przegid wynikow badé eksperymentalnych wspéiczynnika strat
przeptywu w kolektorze oraz propozycgposobu wyznaczania parametréw stru-
mienia na wylocie spirali zbiorczej.

Stowa kluczowe:silnik turbinowy, spgzarka, kolektor

Oznaczenia

a - predkosé dzwicku

b - szeroké¢ dyfuzora beztopatkowego, topatkowego lub kolektora
Cc - predkos¢ bezwzgédna

¢ - skladowa promieniowa gutkosci bezwzgédnej

cu - skladowa obwodowa gaikosci bezwzgednej

D -srednica kanatu kolektora wlotowego

F - pole powierzchni

1 Autor do korespondencji/corresponding author: Staw Antas, Politechnika Rzeszowska,
al. Powstacéw Warszawy 8, 35-959 RzeszOw, tel.: 17 865 150tai: santas@prz.edu.pl
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F, - pole powierzchni kolektora w przekroju promigmym o wspotrzdnej ¢

h - wysoka¢ kolektora

m - strumié masy

n - wykladnik politropy/pgdkosé¢ obrotowa

p - cisnienie statyczne

r - promien kanatu kolektora kotowego w przekroju promieniowym

R - promiéx elementarnego wycinka przekroju kanatu kolektorarnony od
osi obrotu wirnika

Ry - promier osi $rodkowej) kolektora, mierzony od osi obrotu wirnika
srodka cézkosci przekroju

T -temperatura statyczna

a - kat kierunkowy pedkosci bezwzgtdnej

4 - wysoka¢ progu

p - eStasc

A -liczba Lavala

@ - kat srodkowy (azymut) liczony ockgyczka spirali w kierunku obrotu wir-
nika do rozpatrywanego przekroju promieniowego

¢sp - wspotczynnik strat przeptywu

9 - kgt rozwarciascianek bocznych kolektora

Indeksy

2 - wylot wirnika

3 - wylot dyfuzora beztopatkowego
4 - wylot dyfuzora topatkowego

5 - wylot kolektora

6 - wylot dyfuzora stikowego

I« - Krytyczny

l¢  -s$redni

Isr - parametr spearki promieniowej
Iw - wewrgtrzny

l; - zewrgtrzny

*/ - parametr sgitrzenia

1. Wprowadzenie

W wirniku spezarki odrodkowej do czynnika roboczego doprowadzana
jest praca efektywna, w ktorej duudziat stanowi przyrost energii kinetycznej
strumienia €>>c1). Przy spgzu spezarki mgp = 4 predkos¢é bezwzgbdna na
wylocie wirnika s¢ga wartdci c,= 420 m/s M~ 1,1), natomiast w przypadku
wyzszych wartéci spezu sy = 8,5 prdkos¢ bezwzgtdna jest wysza i wyno-
si c;~ 525 m/s co odpowiada liczbie Mackil~ 1,2. Naddwickowe pedko-
sci wyptywu z wirnika wymagaj zastosowania w konstrukcji sparki promie-
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niowej efektywnie dziatacych dyfuzoréw w celu wyhamowania strumienia
powietrza do mdkosci niezlednych ze wzgldu na prawidtowe dziatanie komo-
ry spalania - zwykleeks < 120+160 m/s (0, Mks < 0,3). Dyfuzor spiralny
zwany kolektorem lub spiralzbiorcz (rys. 1) jest klasycznym rozydaniem
konstrukcyjnym dyfuzora, ktéry mioa spotké w szeregu konstrukcjach lotni-
czych silnikow turbinowyckmigtowych (Allison 250 - B15, Allison 250 - B17)

i smiglowcowych (GTD - 350, Allison 250 - C20) ze siarka osiowo - od-
srodkowg oraz w silnikachsmigtowych (RR500TP) smigtowcowych zawiera-
jacych jednostopniowe sprarki promieniowe (Allison 250 - C28, Allison
250 - C30, RR300).

Rys. 1. Spgzarka osiowo - ogtodkowa silnikasmigtowco-
wego GTD-350 - przekazanego do Politechniki Rzeszow-
skiej przez WSK PZL Rzeszéw: 1 - kolektor (dwustremi
niowy)

Fig. 1. Combined axial-centrifugal compressor ofpaiter

engine GTD-350 - a gift from WSK PZL Rzeszéw to the
Rzeszow University of Technology: 1 — double jetexbr

W przypadku niskiej wart@i sprzu czsci promieniowej spgzarki
nsr < 2,5 kolektor jest poprzedzony dyfuzorem beziopatko. Przy wyszych
wartasciach spgzu g > 2,5 dyfuzor spiralny umieszczany jest za dyfuzorem
lopatkowym poprzedzonym dyfuzorem beztopatkowym &) praktyce projek-
towej stosuje sidwie zasadnicze metody oblicgzparametrow geometrycznych
kolektorow [16, 21]:

1) metoda bazuara na zatgeniu stalej warté&ci momentu ildci ruchu
strumienia przepltywagego przez spiral (przeptyw bez tarcia - stala
cyrkulacja),

2) metoda oparta na zaeniu przebiegusredniej pedkosci strumienia
w kolektorze.

Wymienione powyej metody zakladaj osiowosymetryczny charakter

przeptywu.

Nalezy zaznacz§, ze w dos¢pnej literaturze przedmiotu brak zaréwno pu-
blikacji dotyczcych kompleksowej analizy parametréw geometryczriyailk-
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toréw jak i wyznaczania parametréw termicznychrggatycznych strumienia
przeptywajcego przez ten dyfuzor [3, 8, 11, 12, 15, 19, ¥l¢diug autoréw
pracy [18] dyfuzor spiralny jest prawdopodobniebaafiziej zaniedbanym kom-
ponentem sprarki promieniowej zaréwno w odniesieniu do badeaoretycz-
nych jak i eksperymentalnych. Parametry geometiyckalektora stanowi
(rys. 2-8):

- promieh wewretrzny spirali, rGwny promieniowi zewtrznemu dyfuzora
poprzedzajcego — beztopatkoweg®y = Rs = D3/2 lub topatkowego:
Rv=Rs= D42,

- promien zewretrzny: R, = R, (@) = var

- promien osi §rodkowej) kolektora przechosalzej przezsrodki ciezkosci
przekroju:Rs = R (@) = var.

Wszystkie wymienione powgj promienie mierzonead osi obrotu wirnika.

- szeroka¢ lub ckciwa dyfuzora spiralnegdx = idemlub: b = b (@)= var,

- wysokas¢ spirali zbiorczejh = h (@)= var.

Kolektor jest kanalem o #ie uksztattowanych przekrojach poprzecznych,
ktory rozszerza sistopniowo w kierunku obrotu wirnika (tj. dyfuzorgm)
0 osi spiralnej okalagej dyfuzor szczelinowy lub topatkowy. W praktycaj-n
czesciej stosuje si kolektory [6]:

- jednostrumieniowe - czyli takie, w ktérych jednarafa zbiorcza obej-

muje dyfuzor wzdhia obwodu tj. z ktemsrodkowyme = 2r = 360.

Rys. 2. Kolektor jednostrumieniowy (spirala zbiagmjedyncza)

Fig. 2. Single jet collector (single cumulativersg)

- dwustrumieniowe - czyli takie, w ktérych na obwaalzyfuzora umiesz-
czone g dwa kolektory przy czym kaly z nich obejmuje potogvobwo-
du z lgtem srodkowym ¢ = 2n/2 = 180, dziehc wydatek powietrza
w tym samym stosunku.

Na rys. 2 oraz 3 ,1" oznacza patizowy odcinek kolektora umieszczony
na promieniuRs lub ewentualnids, ktéry ma wspétredng ¢ = 0. W zaleznosci
od potazenia obrysuscianek kolektora wzgtlem osi dyfuzora beztopatkowego
lub beztopatkowego i topatkowego wyréa sk nasepujace spirale zbiorcze
(rys. 4):

- symetryczne,

- niesymetryczne.
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Rys. 3. Kolektor dwustrumieniowy (spirala zbiorgeadwojna)
Fig. 3. Double jet collector (double cumulativerafi

Przy projektowaniu kolektoréwady sie do tego, aby wzdiu przekroju
wlotowego kolektora énienie statyczne miato w przybéniu wartd¢ stah.
Spetnienie tego warunku odgrywama role w pracy spgzarki, zwlaszcza wte-
dy, gdy przed kolektorem znajdujee sivieniec topatkowy dyfuzora lub kota
wirnikowego. W przeciwnym, bowiem przypadku w prgege wytworzy Sic
pulsacje, ktére spowodowamog oderwania strumienia i zggane z tym
znaczne straty, a na dodatek drgania topatek dgduldr kota wirnikowego,
zagraajace pewnéci pracy spgzarki [17].

Rys. 4. Formy przekrojow promieniowych kolektora
(i-): a - symetryczny o przekroju owalnym, b - ssim
tryczny o przekroju kotowym, c - niesymetryczny
o przekroju kotowym lub prostgknym

Fig. 4. Shapes of radial sections of the colle¢ta):

a - symmetrical with an oval section, b - symmetric
with a circular section, ¢ - asymmetric with a oiar or
rectangular section

2. Metoda statej cyrkulacji

Jeli przyjmiemy, ze przeptyw ma charakter osiowosymetryczny oraz od-
bywa st bez tarcia, wéwczas zgodnie z rownaniem Eulera embrifiosci ruchu
bedzie staty, a zmianskltadowe] pgdkosci bezwzgédnej na kierunku unoszenia
mozna wyznaczy ze wWzoru:

CuR = C4uR4 = K = ldem (1)
- gdy spezarka zawiera dyfuzor topatkowy - lub:
CuR - C3uR3 =K = ldem (2)

- gdy spezarka zawiera jedynie dyfuzor beztopatkowy.
Czynnik wyptywajcy z dyfuzora szczelinowego lub topatkowego zbigran
jest w kolektorze pogavszy od przekroju o wspokdnejp = 0. Przez promie-
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niowy przekroéj kolektora (i-i) o wspokznej ¢ [rad] przeptywa strumie masy
zalezny od miejsca posadowienia w gjairce:
- gdy przed dyfuzorem spiralnym znajduje dyfuzor topatkowy

my, = rh% = 27TR4b4C4rp4% €)

- lub, gdy dyfuzor spiralny umieszczany jest zdudgrem beziopatko-
wym

my = rh% = 2mR3b3C3p3 % (4)

Rozpatrujemy przeptyw przez kolektor zabudowanypbg&zednio za dyfu-
zorem beztopatkowym (szczelinowym). Bierzemy podagswozne typy kon-
strukcyjne kolektora.

2.1. Kolektor kotowy

Strumier masy powietrza przeptywgjego przez promieniowy przekroj
kolektora o wspohadnejp mozna zapisé przy wyciu sktadowej obwodoweg,
predkosci bezwzgédnej strumienia w kolektorze, przekroju kolektora
F =nr? i gestasci ps, ktdrg przyjmujemy stat dla catego przekroj&. Woéwczas
(rys. 5):

. _ dF _ R, b(r)dR _ R, b(r)dR
m¢ _p3J‘FJ.CudF _pBI'JCuR?_p3C3uR3J.R3 R =K 3.[R3 R (5)
Zatem mana zapisé&

P _ R b(r)dR

m, =m- = Kp3JR3 = (6)
stad:

2n R, b(r)dR
¢ =20 kp, [ ™

Oznaczajc przez ;” promien przekroju poprzecznego kolektora, znek
migdzy ciciwa b i promieniem (rys. 6) ma posta(b/2)* +c? =r?, gdzie:

c=(R- R~ 1), skyd:

(gjzzrz—(R—&—r)z (8)
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lub:

b=2{r>-(R-R,-r) 9)

Rys. 5. Schemat oznadzev kolektorze kotowym spearki promie-
niowej: Ry - promiex osi spirali,Rs - promiex wewrgtrzny kolektora
(Rs = idem),R; - promieér zewretrzny kolektora R; = var),b(r) - cigci-

wa kolektorar - promiei przekroju poprzecznego kolektora

Fig. 5. Schematic markings in the circular colleaiéradial compres-
sor: Ry - radius of the spiral axigs - inner radius of the collector
(Rs = idem),R: - outer radius of the collectoR{= var),b (r) - chord of
the collectory - the radius of the collector cross-section

Rz=Dz/2

= ‘ ~
[ A
===
\ ‘ VY
Rys. 6. Kolektor spiralny o przekroju kotowym «{ bs 5
14 o
Fig. 6. Spiral collector with a circular section ©
Zatem:
o R2\r’-(R-R,-1) o R o r?-(R-R, -1 )
=——K dR = —K dR =
# == pai - ——Kp, i =
4
=?KP3[(R3‘”)_ (Rs"'r)z_rz} (10)

Rownanie powysze, uzyskane w rezultacie szereguzahych prze-
ksztatca, okresla zalenos¢ miedzy kateme, a promieniem przekroju kotowego
r, a wec rowniez ksztatt kolektora. Rozwrujac powyzsze réwnanie kwadrato-
we wzgkdem ,r”, otrzymujemy:

=2, g, 2 (12)
4K p, 2mr°Kp,
Zadapc warté¢ kata ¢, znajduje si stgd promier r (kat zadajemy
w [rad]). Jeeli kat ¢ w relacji (11) wyraamy w stopniach, wéwczas:

¢° =57,3¢ (12)
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zas formuta (11) na promieprzekroju poprzecznego kolektora ma péista

¢°m J ¢°m (13)

= R
"= 4mKp, 573 N 2nKp, 573

Dla przypadku, gdy & ¢ w réwnaniu (11) wyrzony jest w radianach,
srednica kolektora o przekroju kotowym:

AL P

D=2r= 72K R; 2Kpa (14)
Natomiast, gdy & ¢ wyrazony jest w stopniach:
¢ #°
b=2r= 2m2Kp5-57,3 + |2Rs m2Kp3-57,3 (15)
Promiex zewretrzny kolektora w dowolnym przekroju (i-i):
R,=R;+D (16)

Jeli spirala zbiorcza jest poprzedzona dyfuzorem thpaym, wéwczas
w powyzszych relacjach natg podstawd:

R; =R, a7)
P3 = Pa (18)
K = CyyRs (19)
M = 2MR.b4Chr P4 (20)

Promiex osi §rodkowej) spirali wynosi odpowiednio:
Ry =Ry +7 (21)

lub gdy kolektor o przekroju kotowym jest poprzedyodyfuzorem topatko-
wym:

Ry =Ry +71 (22)
2.2. Kolektor o statej szerokéci (prostokatny)

W tym wypadkub(r) = b = idem (rys. 7). Wobec tego wzor (7) natkp
wyrazony w radianach ma posta
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¢——K N b(r)dR—Z—nKpr R =

——Kp3 (InR,=In RS)_—Kp3b|n%

stad:
me
& = e2mKbps
R3
i ostatecznie;:

e
Rz = R362nKbp3

(23)

(24)

(25)

Zatem krzywa wyznaczgja zarys zewgirzny dyfuzora spiralnego jest

w tym przypadku spirallogarytmiczm.

Rys. 7. Kolektor spiralny o przekroju prosatikym
Fig. 7. Spiral collector with a rectangular sectio

Poniewa zgodnie z formu (23):

2n R,
——K ,oIn —=
¢ pbin g

oraz korzystajc ze wzoru (2) (lub (1)) i ze wzoru:
m=27R R G ps

lub relacji (20):
m=2/Rp,C, o,

mamy:

ZnRSbCSuPS 1 Rz C3ub In Rz
¢ = —-— n— —_—
2mR3b3C3rps Rs  Cspbs

Rz

R3

(26)

(27)
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lecz:
Inx = 2,3logx (28)
wigc:
Csyb R,
@ =23 log— 29
Csrbs " R3 (29)

lub w stopniach:

. Cab R,
@ =573 ¢ =132 log— 30
Csrbs 7R3 (30)

Jeli kolektor spiralny jest poprzedzony dyfuzorem dtimowym otrzymu-
je sie odpowiednio relacje:

R, = RyeZekban (31)
gdzie:K = Cyy Ry, m = 2R b4 Cyp Py
oraz:
Q= %Kp&lnﬁ—j (32)
P C R @
o =23 C(';A‘:bi logﬁ—i (34)
@ =132 C%:‘bilogg—z (35)

Wz6r (25) mana uprdci¢ poprzez rozwinicie go w szereg, a wéwczas
mamy:

m m \*¢?
_ AT 36
R, =Ry [1 * 2nKbps ¢+ (271Kbp3) 2 + ] (36)

pomijajagc wyrazenia w po¢dze wekszej od jednéci (male wyszego rzdu):

R =R R 9 @

lub po uwzgtdnieniu wzoréw (2) i (26):
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R =RHR I @)
skad:
s —Fs Cub (39)
Ry Cyby
lub wyrazony w stopniach:
= 573R R Cab @

RS C3r bS

Wz6r (37) daje wyniki mniej doktadne i przedstawpirak Archimedesa.
Promienr osisrodkowej spirali o przekroju prostaiaym.
Rz B R3 — Rz _ R3

2 2

R, =R, + (41)

2.3. Kolektor o przekroju kwadratowym

Dla kolektora o przekroju kwadratowym (rys. 8) xamy napisé zwigzek:

b=R-R (42)

Poniewa kat ¢ okresla wzor (7):
2n R.b(r)dR
=—K — 7
§="KpyJ =

stad po uwzgédnieniu zalenosci b(r) = b = idemuzyskuje si analogicznie jak
dla kolektora prostatnego - zalenos¢ (23):

_27TK bl R,
<P—m P3 nR3

oraz po uwzgldnieniu formuty (42):

= 2 K pa(R, — Ry) In 43
=7 p3(R; = R3) nR_3 (43)

lub w stopniach wykorzystag relacg (35) dla kolektora prostaknego:
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og —=
Csrbs gR3

@ =132

zatem, biogc pod uwag wyrazenie (42):

. Csu(R,—R;) R,
_ 139 Cu(Re —Rs), g2 (44)

]

Rys. 8. Kolektor spiralny o przekroju kwadratowym
Fig. 8. Spiral collector with a square seattio

&

Szerokaé¢ (wysokac¢) kanatu przeptywowego kolektora - wzor (42) zna
okresli¢ przez catkowanie w przekroju wylotowym spirddi€ bwy = bs). Zakia-
dajac, iz w tym przekroju na promieniu osi spirali

Res, = Ry + b/2 (45)

przeptywajcy strumig oshga pedkosé:

CsuR
Csysr = ;u - (46)
5sr
lub ogdlnie:
CsuR
C, = 3; & (47)
zas elementarny strumiemasy:
dm = psC,bdR (48)
stad:
R3+b
Rz dR
m= p3f C,bdR = p; f C,bR; — (49)
R3 R3 R
zatem:
R;+b R;+b
1 = pshCsyRs 1n3R— lub i = Kpsbln— (50)

3 3
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Rownanie to rozwizuje s¢ metody kolejnych przyblien. Warta¢ lewej
strony réwnania jest bowiem znana i wynosi - wZi#)( Szerok& lub wyso-
kos¢ kanatu przeptywowego kolektora o przekroju kwaolgtm mazna réw-
niez wyznaczy w sposob przybtiony. Uwzgkdniajgc, ze w przekroju spirali
(5-5) w jej osi przeptywagy strumiéi ma pedkos¢ okreslong zaleznoscia (46),
a zatem po uwzgtinieniu tej formuty uzyskuje si

_ C3uR3

Cousr =—7 51

Strumier masy powietrza przeptywgjego przez ten przekroj (5-5) wynosi
odpowiednio psg, = p3):

m= mS = pSCSuerS (52)
wiec:
. CSuRS 2
m=pi b (53)
R3 + 7

Z drugiej strony wiadomozistrumiegi masy okréla formuta (26) zatem:

CsuRs
2”R3b3C3r = u b bZ (54)
R3 + i

Rozwigzujgc powyzsze réwnanie kwadratowe wezdem,b” uzyskuje sj:

2 C3u ZCSu C3y

= () () =

Uwaga: W przypadku kolektora jednostrumieniowegoreiacjach po-
wyzszych naley uwzgkdni¢, ze: m=1m;@ =0..2m; lub ¢ =0..360°,
natomiast dla kolektora dwustrumieniowegan = % ;o =0..m; lub
¢ =0..180°

3. Metoda sredniej predkosci strumienia

Druga ze stosowanych metod oblitzgarametréw geometrycznych kolek-
toréw oparta jest na zateniu przebiegu warfei sredniej pedkosci strumienia
w rozpatrywanym przekroju dyfuzora spiralnego [28].
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3.1. Kolektor o przekroju trapezowym lub owalnym (guszkowym)

Oznaczajc przekréj kolektora odpowiadgly katowi srodkowemug wy-
razonemu w radianach prze#,, wowczas zadag wart@¢ sredniej warteci
strumienia w tym przekroju, uzyskujegsilla kolektora jednostrumieniowego
relacg:

m
F, = i 56
¢ P3 * Csr ( )
lub:
__ my’
fo = 0360 ¢y ®7)

z&, dla kolektora dwustrumieniowego formut

__ my’
fo = pr 180 ¢,y (58)
Wyrazajac pole powierzchni, jakaF, jako funkcg znanych wielkéci
geometrycznych tj. F, = f(bs 9,h) — dla kolektora trapezowego oraz
F, = f(b3 Y, h;) — dla owalnego z rownaniaagtosci okresla sk odpowiednio
wielkosci h orazhe (rys. 9).

a)

x | s
T
bs -
o
b)
|‘ Rys. 9. Schemat oznacdzev kolektorze trapezowym (a) oraz
< | B owalnym (b): h - wysok& kolektora,d - kat rozwarciascia-
o Y [ e nek bocznych kolektora
Fig. 9. Schematic markings in the trapezoidal (& aval (b)

collector: h - the collector heigh®, — the angle of flare of the
lateral walls of the collector

Rs

W przypadku kolektora o przekroju trapezowym wysgkdkolektora
h = R—Rs , odpowiadajca kgtowi srodkowemug , zwigzana jest z przekrojem
F, rownaniem kwadratowym:
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)
Fp=tg5h? + by-h (59)
skad
b b F,
U ( 3ﬁ>+ 3 0)
Ztgz— ngz— fgz—

zatem, dla kolektora jednostrumieniowego uzyskigealeznosé:

h= — bs + < bs >+ e (61)

) ) )
Ztgz— Ztgz— p3-360-csr-tg2—
lub:
K o
h= —K, + ,Kf 42 (62)
CST'
gdzie:
bs
Kl =
2t95 (63)
N m
2= T 9 64
p3 - 360 - th2 (64)

W celu uwzgtdnienia zmniejszenia pola powierzchni przekrojuektdra
w rezultacie zaokiglen nar@y wprowadza si wspolczynnik korekcyjny
Ke=1,05+1,1[16], a wOwczas
mKp
K = 9 (65)
p3 - 360 - tg>

Szerokd¢ dyfuzora spiralnego o zarysie trapezowym dla dogjolvartgci
promienia R przekroju poprzecznego wyznaczazpaké geometrycza

9
b=bs+ 2(R=Ry)tg (66)

Dla dyfuzora spiralnego o przekroju gruszkowym (r98) warté¢ odle-
gtosci he srodka okeggu o promieniu od promienia wlotoweg®s, odpowiada-
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jaca kgtowi srodkowemug, zwigzana jest z przekroje, nasgpujagcym row-
naniem kwadratowym:
T ) 9 /3 9 T
F(p=(Etgzz—-i-tgz—)hg+(Eb3tgz—+b3)hc+§b§ (67)

Po rozwizaniu powyszego réwnania kwadratowego i przeksztalceniach
uzyskuje st odpowiednio [16]:

Kitgz +E (68)

lub, uwzgkdniajgc zalenos¢ naF, dla kolektora jednostrumieniowego, uzysku-
je sk:

h, = (69)
gdzie:
bs
Kl = 2 9 (70)
tg 7
Ké=p3.360 (71)
LN 72
Ky=tg’5+1tg5 (72)
Pozostate parametry geometryczne kolektorastdjpezaleznosci:
9
r=(h,+ K;) tgz— (73)
h=h.+r (74)

3.2. Kolektor o przekroju kotowym

Dla dowolnego przekroju poprzecznego kolektora gstiumieniowego
przekrgj

F,=— (76)
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zatem wedtug relacji (56)

nD? m

4
4 B P3 Csr (77)

stad srednica kolektora

D=2 i (78)

np3

U’ﬁ
3

lub zgodnie z formut (57)

o

nD? g
4 p3 360

(79)

skad:

me’
D= |[——— 80
90”,03 Csr ( )

zas dla kolektora dwustrumieniowego wedtug (58)

n (81)

T

45mp3 Cgp

Dla kolektora zabudowanego na wylocie dyfuzora dygatkowego, mma
przyjmowa wzdhwz catej spirali stap wartags¢ predkosci sredniej strumienia
csr = (0,7 +0,8)c3. Zalecana wartd kata rozwarciacianek bocznych kolek-
tora trapezowego oraz owalnego zawietavsiprzedzialed = 45 + 60° [14,
16].

4. Parametry strumienia na wylocie kolektora

Strata dinienia spétrzenia w kolektorze zabg od miejsca zabudowy dyfu-
zora spiralnego w kanale przeptywowymeggirki, shd w zalenosci od uktadu
konstrukcyjnego jest wyznaczania z gasfacych zalenaosci:

- dla kolektora zabudowanego na wylocie kota wirnikge (spgzarka bez
dyfuzora szczelinowego i topatkowego):

. P2
Ap;,s = Esp P 2 & (82)



290 S. Antas

- dla kolektora poprzedzonego dyfuzorem beztopatkowym

. p3 - c5
Ap3,5 =€sp 32 E (83)

- dla kolektora zabudowanego na wylocie dyfuzora tkpaego:

.2
APZ,s = ésp p42C4 (84)

Zagadnienie oki&enia wartdci wspotczynnika strat przeptywu w dyfuzo-
rze spiralnyntsp, ustalanego dwiadczalnie, byto przedmiotem rozwz jedy-
nie nielicznych prac [1, 4, 5, 9, 12, 17, 19, 20kdtug [1] warté¢ wspotczyn-
nika strat przeptywu w kolektorze (rys. 10) zgl®d miejsca zabudowy dyfuzo-
ra spiralnego w kanale przeptywowym g@rki oraz od kta naptywu strumie-
nia o (a2, o) Na wlocie kolektora. Ze wzgdu na due wartgci wspotczynnika
strat przeptywu w konstrukcjach gparek promieniowych lotniczych silnikéw
turbinowych nie stosuje gizabudowy kolektora bezgpr@dnio za kotem wirni-
kowym.

Najbardziej kompleksoyv analiz przebiegébw wspoétczynnika strat prze-
ptywu w dyfuzorze spiralnym w funkcjigka wyptywu strumienia z dyfuzora
bezlopatkowega, przedstawiono w pracy [19] - rys. 11. Wadaego kta
zwigzana jest z punktem pracy sgarki od granicy pompal (m,,;,) do wydaj-
nosci maksymalnejt,,qx)-

i
08 1\J

06

Rys. 10. Zmiany wspéiczynnika strat przeptywu
2 w kolektorze w funkcji kta naptywu. 1, 2 - kolektor
// zabudowany na wylocie kota wirnikowego, 3 - kolekto
04 / — poprzedzony dyfuzorem beztopatkowym
/

heJ

0.2 \\\‘2\.\
T~

4 8 12 16 20 24 g

Fig. 10. Changes of the coefficient of flow lossethe
3 collector vs. angle of inflow. 1, 2 - the collectoount-
ed at the outlet of the impeller wheel, 3 - thelemibr
preceded by a vaneless diffuser

Z analizy przebiegéw przedstawionych na rys. 10z angs. 11 wynika
wniosek, ze rozbignasci migdzy wynikami bada poszczegdinych autorévg s
znaczne. W celu usuwmia watpliwosci dotycacych wiarygodnéci rezultatow
tych badé wskazane byloby obszerne dodatkowe badania ekspetgine ba-
Zujace na pomiarach @iien, temperatur i gdkosci w przekrojach wlotowych
I wylotowych kolektora, unikac uzupetniania badaobliczaniem pgdkosci
w przekrojach kontrolnych. Wedtug Tuliszki [17] wiBpzynnik strat przeptywu
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w dyfuzorze spiralnym ma statvartas¢ niezalenie od kta o., a jego wartée
jest zdecydowanie #sza. Podobne zalecenia podano w pracy [5] przy czym
(&= 0,06+0,15) oraz monografii [20] (gdZig= 0,22):

Esp
1.0
0.9
0.8
\\ = - badania
0.7 LN (Walczak i in. 1993)
0.6 LN o A - Tuliszka (1976)
0.5 \: \ / x - Japikse (1990)
04 ™ AN <] o -Balje (1981)
M
0.3 'Q(, . -/
0.2
0.1
0
0 10 20 30 40 50 G3[°]

Rys. 11. Przebiegi wspétczynnika strat przeptywikolektorze w funkcji kta kierun-
kowego pedkaosci bezwzgtdnejas na wlocie kolektora [19]

Fig. 11. The variation of the coefficient of floads in the collector vs. direction angle of
absolute velocitys at the collector inlet [19]

- Cisnienie spitrzeniaps w przekroju wylotowym (5-5) spirali okéla sk
w zaleznosci od uktadu konstrukcyjnego sparki promieniowej. | tak
w przypadku kolektora zabudowanego na wylocie \ariza dyfuzorem
bezlopatkowym mamy odpowiednio

Ps = P2 — Apzs (85)

Ps = p3 — Apss (86)

z&, dla kolektora poprzedzonego dyfuzorem topatkowym

Ps = Pa —Apas (87)
- Temperatura spirzenia w przekroju wylotowym

Ts =T, =T; =T} (88)

- Predkaos¢ bezwzgédna strumienia w przekroju wylotowym spirali poprze
dzonej dyfuzorem beztopatkowym jest atoma rownaniem (46):
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o =¢ _ C3y " R3
5 susr Rsrs
- Predkoi¢ krytyczna dwigku
2'k*R
Apers = k—+1T5* (89)
- Liczba Lavala pgdkosci wyptywu strumienia z kolektora
=5 90
° Qrs (90)
- Funkcja gazodynamicznasnienia
k—1_ k.
n@s) =(1- T 1/1§)k—1 (91)
- Cisnienie statyczne
Ps = Dy=2n = 11(As5) * ps (92)
- Temperatura statyczna
_ .G
Ts = T<p=2n = T3 - m (93)
k+1
lub:
gdzie, funkcja gazodynamiczna temperatury
-1 2
T(As) =1- mﬂs (95)

Praca strat tarcia w kolektorze poprzedzonym dyfermobeztopatkowym

i
lr3,5 = ésp 7

(96)

- Wyktadnik politropy spgzania w kolektorzen = n3 5 wyznacza si z za-

leznosci (1 Z.T.):

k

n
lizs = (m - m) R(Ts —T3)

(97)
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lub z réwnania politropy:

i (98)

zazwyczajn =1,9+2,0

- Promien jednostrumieniowego kolektora kotowego na wyloeiedla
¢ = 2n z formuty (11) wynika bezgoednio

T ,R3-m
= 99
=K ops T Ko (99)

- Promie osi spirali na wylocie

Rer = R3 + 75 (100)

Sprawdzenie wartoi promienia jednostrumieniowego kolektora kotowego
na wylocie mae przebiegaw nas¢pujacej kolejngci:
- Cisnienie statyczne

n

Ps = D3 (%)ﬁ (101)

- Stopie strat cénienia sp¢trzenia w kolektorze

k- A2 k—1
"2 102
S(57"k+1(1 k+1/1)k1 (102)

0‘3’
- Cisnienie spitrzenia

Ps = 035" D3 (103)
- Wzgledna gstaé¢ strumienia masy

k

k— K
q(As) = As(1 — k_-i-l/lz)k 1( )k‘l (104)
- Przekrdj kolektora
my/Ts
Fo=—-Y5 105
* s psa(As) (105)

gdzie, stata w rownaniuggtosci
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Dla powietrzas = 0,0404(@%{)‘0'5
- Promiex jednostrumieniowego kolektora na wylocie

r= | (106)

I

5. Uwagi kaicowe

Przedstawione w pracy rozwania dotyczce doboru powierzchni przekro-
jéw promieniowychF = F(¢) dla typowych ksztaltéw kolektorow przebiegaty
w oparciu o model czynnika nielepkiego - rownarie (Jednake straty wysi-
pujace w kolektorze powodgjodpowiednie spadki @nienia. Wedtug B. Eckerta
[9] zaleca si stosowanie dodatkowego amdenia czynnika, czyli dodatkowego
powiekszenia przekrojow promieniowyck, aby w ten sposéb uwzglni¢
wplyw tarcia oraz oderweaw strefie gzyczka spirali (odp = 0 do ¢ = @y).

Odnanie przytoczonej metody projektowania kolektoréve mna jednak
jednolitego pogldu, bowiem np. badania W. Kramera przedstawioneragyp
[17] dyfuzorow spiralnych wykazygj ze kolektory zaprojektowane w oparciu
o model czynnika nielepkiego pragupajlepiej. Dlatego wydaje gize nieco
bezpieczniej jest prza¢ zasad projektowania kolektoréw na podstawie rowna-
nia (7) i nie wprowadzakorekt wynikajcych ze strat énienia, ché metoda B.
Eckerta jest rownie dopuszczalna i poprawna. Obliczone parametry kotak
zaleca si zestawt w tabeli zbiorczej np. dla kolektora o przekropidwym.

Przeptyw przez dyfuzor spiralny rama traktowa w pewnym stopniu jak
przeptyw przez kanat zakrzywiony. Podobnie, jakaidym przeptywie, w tego
typu kanale powstgjprzeptywy wtorne (indukowane, kolanowe) zaznaczone
schematycznie na rysunku 12 z prawej strony. Pymepkzez te dyfuzory byt
badany eksperymentalnie przez Krantz'a przyciu cieczy jako czynnika robo-
czego. W efekcie tych bafllatwierdzono, torami castek nie g linie spiralne,
lecz srubowe. To powodujeze droga, ktdy przeptywajcy czynnik pokonuje
jest kilkakrotnie wgksza od dtugéri osi kolektora [10, 17].

Rys. 12. Przeplyw czynnika przez kolektor [9]
Fig. 12. Agent flow through the collector [9]
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W przypadku kolektoréw symetrycznych wprowadzenmetryczne strugi
wyptywajacej z dyfuzora beztopatkowego lub topatkowego, ecwv kierunku
srodkowej linii, intensyfikuje przeptyw wtérny i rénoczénie poweksza straty.
Jezeli natomiast wyplywajcy z dyfuzora strumie wprowadza si stycznie do
kolektora (rys. 13), to przy jednostronnie uksoatinym dyfuzorze spiralnym
mozna zredukowawir podwaojny do wiru pojedynczego, ktéry powoduojaiej-
sze straty [9].

Rysunek 14 przedstawia charakterystyki stopnigzspki promieniowej
z trzema rénymi kolektorami uksztattowanymi symetrycznie (dyduoy spiralne
a i b) i asymetrycznie (kolektor c). Z badaksperymentalnych firmy Escher-
-Wyss wynika wniosekze kolektory z asymetrycznym doprowadzeniem stru-
mienia pracyj z nizszymi stratami, gt tego rodzaju rozweania, jéli brak in-
nych wzgedéw - konstrukcyjnych lub technologicznych, zalesia stosowa
w sprzarkach odrodkowych.

Zagadnienie asymetrycznego doprowadzenia czynnik&adektora byto
przedmiotem nielicznych baflateoretycznych i eksperymentalnych. Wedtug
autora pracy [17] ksztalty przekrojéw promieniowydmatu kolektora spetnia-
jace warunek symetrycznego i asymetrycznego doprosvaazczynnika
rownowane pod wzgjdem pracy sgrarki odrodkowej. Naley jednak zau-
wazy¢, ze kolektor asymetryczny w przypadku ksztattu priegtitego lub kwa-
dratowego (rys. 15) nie tworzy dodatkowych problamdnstrukcyjnych, za
w dyfuzorze o zarysie kotowym asymetria doprowadzezynnika powoduje
powstanie progu o wysoka A - rys. 15b [7, 13].

Rys. 13. Linie pgdu w przekroju poprzecznym Kolekt:
niesymetrycznego [17]

Fig. 13. The lines of current in the crassction of th
asymmetrical collector [17]
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Rys. 14. Wpltyw ksztattu kolektora na charakterystylsprawndgé stopnia
sprzarki promieniowej (badania Wytworni Escher-Wyss igh); ye —
wskaznik spigtrzenia catkowitegoys — sprawnéc izentropoway — wske-
nik predkosci (indeksz odnosi s§ do znamionowych warunkéw pracy) [9]

Fig. 14. Effect of the collector shape on charéasties and efficiency of
compression ratio of the radial compressor (resfltSscher-Wyss Zurich);
we - the index of total accumulations - isentropic efficiencyp - speed
index (subscript refers to the nominal operating conditions) [9]

a) b) C.)
N ___ 1.

|
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Rys. 15. Oznaczenie wielkt geometrycznych kolektora
0 zarysie kotowym symetrycznego (@), asymetrycznego
(b) oraz asymetrycznego o przekroju kwadratowym (c)

Fig. 15. Designation of geometrical parameters haf t
collector with a circular contour: symmetric (a3ymmet-
ric (b) and asymmetric with a rectangular section (

Promiex osi spirali symetrycznej o zarysie kotowypoprzedzonej dyfu-
zorem topatkowym wynosi wedtug wzoru (B4)= R, + r, std réznica:

R,—r=R, (107)
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ma wartd¢ stah.
W przypadku asymetrycznego dyfuzora spiralnegozekyoju kotowym
powyzsze rOwnanie nie jest spetnione, bowiem wysoékomogu:

A=R,-(R,-1) (108)

z& wedtug bada autoréw pracy [13] rinica Ry — r) jest funkcy liniowa kata
srodkowegop® wyrazonego w stopniach, tzn.:

(Ri-r)=a+bp° (109)
gdzie state: a=0,0823 m, b = 2,33°10°
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METHODS FOR CALCULATION OF COLLECTOR PARAMETERS
APPLIED TO THE CONCEPTUAL DESIGN OF RADIAL
COMPRESSOR

Summary

In many constructions of one-stage radial and aeatrifugal compressors of the turboprop
and turboshaft aviation engines, a properly forroeliector placed after vaneless or vane radial
diffuser in order to decrease velocity and to inseeair stream static pressure is applied. The spi-
ral diffuser is one of the fundamental diffuserdyp\ volute is a channel with a different form of
traverse sections that gradually expands in atitireof rotor rotational speed and encloses previ-
ous diffuser with a cylindrical intake hole. Itsageetrical parameters should be properly selected
to ensure the correct operation of the scroll. Paiper presents two fundamental methods of cal-
culation of geometrical parameters of the spiréuder: free vortex design (constant angular mo-
mentum principle) and constant mean velocity dedigentioned methods (for conceptual design
of a compressor) are based on energy equatioadysfw energy equation, equation of continui-
ty, first law of thermodynamics, Euler's momentmmbmentum equation, gas dynamics functions
and definitions used in theory of turbomachinergtdiled analysis of geometrical parameters of
different types of collectors was conducted. Thapgr also provides a review of experimental
research results of total pressure loss coeffigiettie volute and proposed method of determining
air stream parameters at volute outlet.
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INFLUENCE OF FRICTION STIR WELDING
TOOL GEOMETRY ON TENSILE STRENGTH
OF THE JOINT

Due to specific mechanical properties 2024 alumiioy is ideally suited for
application in aerospace and automobile industaed because of its poor
weldability is not widely used in other industrié overcome this problem,
a series of friction stir welding (FSW) experimentisre conducted on 2024
aluminum alloy sheets by varying tools and key peters of the process, i.e.,
rotation speed and travel rate of the weld tool.if@stigate the influence of
FSW process parameters on the mechanical strerigthegoint, the tensile
strength of the joint was examined as a functior8% parameters for each
tool. Optimum values of tool rotation speed andaabe speed were determined
for each tool and finally the optimum tool has bémmd.

Keywords: friction stir welding, FSW tool geometry, 2024 aimium alloy,
tensile test

1. Introduction

Friction stir welding (FSW) is interested joiningchnology for modern
aerospace industry for high performance structapglications. This technol-
ogy enables the joining of highly alloyed aluminafioys series 2xxx and
7xxx. These alloys are generally classified as weldable because of the
poor solidification microstructure and porositytie fusion zone [1]. The idea
of the FSW process is quite simple: a rotating ieammersed into joined
materials and is forced to move down the joint.liflke tool movement pro-
vides frictional heating, what results in the malesoftening and enables
stirring action to join the workpiece materials étiger. Typical structure of
the FSW joint is shown in Figure 1. It consistswb main regions: thermo-
mechanically affected zone (TMAZ) and heat affectede (HAZ). Within
the TMAZ there is the weld nugget zone where théema undergoes severe

1 Autor do korespondencji/corresponding author: TadeBalawender, Politechnika Rzeszow-
ska, al. Powstacow Warszawy 8, 35-959 Rzeszéw, Poland, e-mailath@prz.edu.pl

2 tukasz Micat, Politechnika Rzeszowska, e-mail: #@%tud.prz.edu.pl
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plastic deformation with a fine, equiaxial, recatBted grain microstructure.
The TMAZ can be considered as a fusion zone ofnaetional weld, except
that melting does not occur and material is onlyclmaaically worked. The
HAZ is similar to the same zone in conventionaldasvelding and its micro-
structure influences material properties (its alitheat treatment and micro-
structural phenomena like, e.g. precipitate coanggmprecipitate dissolution,
recrystallization, grain growth and others [2]).

Complicated geometry of the shoulder and the pineimses the quantity
of material deformed and growth of the quality o€tfon stir welds by im-
proving mixing. The pin is responsible for the mieflow during friction
stir welding which affects the microstructure andgerties of the joint. Pin
may have a different shape, the most popular dnedecical and conical, with
or without thread. The length of the pin shoulddightly shorter than the
thickness of the workpiece while the diameter ef shoulder is always longer
than the diameter of the pin. During FSW processtiol heats up to the tem-
peratures close to the melting of the welded malteFhus, appropriate choice
of the material for the tool depends on the progemf connecting materials.
The friction stir tool must have following propesi such as stiffness, good
wear resistant, durability, high temperature sttierand good toughness [3].
The most commonly used material for the tool iswotk tool steel. This
steel is easily machined, readily available anfilifaithe requirements for fric-
tion stir welding of aluminum alloys, magnesiumogi and copper alloys.
Other tool materials for FSW process are high smteel, Ni-based superal-
loys (Inconel), sintered carbide and cermets fithe work [4], the ultrafine-
grained and nanocrystalline WC-Co cermet were uee&#SW process of
aluminum alloys. Cermet components play an esdaot@due to their prop-
erties. Tungsten carbide (WC) has exceptional leslmand wear/erosion re-
sistance. Cobalt matrices are ductile and greatfyrove its toughness so that
brittle fracture can be avoided and the materiapigarently also insensitive to
sudden changes in temperature and load during mgeldi

Advancing side Retreating side

d L ‘ '

Fig. 1. Typical structure of FSW joint: a) stirrédugget” zone, b) thermo-
mechanically affected zone, (c) heat affected zotkd) unaffected base metal
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The FSW tool's geometry is very important for matkeheating and its
flow in the joint region. The tool consists of twarts: a shoulder and a pin.
There are two primary functions of the tool: hegtf the workpiece and
movement of the material to produce the joint. ibating is the result of fric-
tion between the tool and the workpiece surfacethaglastic deformation of
the workpiece [1-3]. The contribution of plasticfatenation in heating of the
material was estimated in the work [5] using nugedrsimulations as the ratio
of plastic/frictional dissipation about 0.29. Th&W tools differ from each
other in terms of shoulder surface geometry andkfage of the pin. The tool
shoulder produces most of frictional and deformraidheating in the case of
welding thin sheet of materials whereas the pidpces most of the heat dur-
ing welding thick materials [3]. The shape and disiens of the tool deter-
mine the volume of the heated material. The differghapes of the tool
shoulder surface are shown in Figure 2 and asibeaseen the shoulder fea-
tures can consist of scrolls, ridges or knurlingpoyes and concentric circles,
and can be machined onto any tool shoulder profile.

7o)

Fig. 2. Geometries of tool shoulder

Pin Shoulder

2. Experimental procedure

The FSW experiments were conducted on 2024 T3 alumialloy sheets
with a thickness of 1.6 mm by varying tools and lpgyameters of the pro-
cess, i.e., rotation speed and travel rate of thle vool. All tools used in the
experiments had scrolled shoulders and threadesl pith three flutes as
shown in Fig. 3. The tool number N4 had a cylingripin and the tools
number N7 and N2 had conical pins; there were fifferences in pin and
shoulder diameters, too (Fig. 3). The tool matesias high speed steel grade
HS18-0-1. The friction stir butt joints were made the numerical control
milling machine (Makino PS95), what allows to kempaccurate positioning
of the tool and repeatability of the welding corafis. The angle of tool tilt
was equal to 0 and the plunge depth of the pintmtspecimen was 1.45 mm
(it is equal to about the pin length).

To make the friction stir welds the procedure wa$oflows: 1- two piec-
es of sheets (dimensions of each piece: width 180 length 200 mm) to be
joined were clamped on a backing plate, 2- thetirgdool was plunged into
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to the surface of joined sheets until the tool #heucontacted with upper
sheet surface, 3- the rotating tool moved alongctdrgerline forming a joint.
This procedure was repeated for each tool andriteeps parameters. No ini-
tial surface preparation was done. The tool rotaipeed and the advance
speed were in the range from 1000 to 2250 rev/mith faom 50 to 100
mm/min, respectively (Table 1). The ratio of thpseameters was named “the
weld pitch” in the following text. The axial for@gplied to rotating tool was
not measured during the welding because the milhmachine was not
equipped with such instrumentation. But the valtievagal force results from
plunged pin positioning and it was constant irtedts.

N2 $3

Fig. 3. Three tools used in the tests

A tensile test was used to estimate the strengtheobbtained joints. The
specimens for the tensile test were cut perperatiguto the welding direc-
tions (the joint line) using a guillotine cuttingashine; their width was about
12.5 mm, length 200 mm. The tensile tests werézezhlusing a Zwick Roell
Z030 tensile testing machine at the displacemeredpl0 mm/min. The
gauge length was established on 50 mm. The tetests were carried out
about one week after friction stir welding of th@esimens. During this time
the natural stabilization aging at room temperaw@s realized because of
solutioning phenomena which could occur in someegoof the welded re-
gion.

3. Results and discussion

The main focus of the investigation was to deteentire influence of tool
geometry and process parameters on the mecharebalvior of the FSW
joint. Welding parameters used in experiments aile test results are
shown in Table 1. Not in all cases of weld paramsetiee obtained welds were
of a good quality. Such bad results are not showhable 1; there is a dash
instead of tensile strength. When the table cedinpty, it means that the test
for this weld case was not carried out (a numbewedfl V). The setting-up of
results for each tool versus the weld pitch is gshawFigure 4. The weld pitch
was defined as the tool advance speed per rotatidnits unit is revolution
per millimetre (rev/mm).
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Table 1. Welding parameters and tensile test iesult

Number S:Zzl(;i;carameters Weld pitch tenl;illt(ian;?rt:ngtr Standard
ofweld | jotation Advance rotation/advance Tool Rmn deviation
rov/min mm/min rev/mm MPa* MPa
N2 323 18
| 1200 50 24 N4 291 62
N7 368 17
N2 310 15
I 1600 70 23 N4 375 28
N7 369 8
N2 289 27
] 1600 100 16 N4
N7 365 17
N2 287 30
v 2000 50 40 N4 334 14
N7 386 5
N2
\ 1000 80 125 N4
N7 390 4
N2 333 16
VI 2250 100 225 N4 -
N7 265 3

The specific weld energy is correlated with thedmaitch [2]. As it can
be seen the biggest tensile strength for N2 tod alatained for weld pitch
equal 22.5 rev/mm, but in this pitch case, the losteength was obtained for
N7, and N4 tool did not make sufficiently good joat all (Figure 5). Such
result in the case of tool N4, can be the reasmvefheating the joined mate-
rials in the weld zone (great rotation speed awl donensions). For the tool
number N7 the highest values of tensile strengthevedtained when weld
pitch was 40 rev/mm (it means the lowest strengthN2) and 12.5 rev/mm.
This can prove that it is possible, for aluminuhoyP024 T3, to obtain stable
FSW joint in a broad range of weld pitches, althotle specific weld energy
should be different for each weld pitch. The FS\Wit®made with a tool N4
were the most defective one, so only in three cdmepint quality was suffi-
ciently good. Supposed reason of this may be thgesit size of pin and
shoulder which due to friction phenomena is thenmmaason of material heat-
ing and arising of too high temperature.
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450 = Tensilestrength of base 2024 alloy sheet=> 458 MP
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Fig. 4. Tensile strength of FSW joints versus tgedmetry and weld pitch

Fig. 5. The face and the root of the FSW joints ufiactured with different tools with weld
parameters: advance feed - 100 mm/min, rotati®b02ev/min

Because the zones of FSW joint have different tasies to deformation, due to
differences in grain size, precipitate size antrithstion of grains, the structural notch
lowers the tensile strength and the strain of tB&/Hoint. So, the tensile curve of
the base material is higher and longer than theecoi FSW joint (Fig.6).

For all specimens, tested in the tensile testtdraalways occurred in the
retreating side, and as it can be estimated frogurEi 7; it increases on the
border of HAZ and TMAZ in the joint area. It can é@ncluded that retreating
and advancing sides have different strength andttieegth of the retreating
side is lower. This result is in a good agreemeittt literature data, e. g. [1],
where in the precipitation hardened aluminium a|dySW results in a severe
softened region in the HAZ, which is basically dwerized by the dissolu-
tion/coarsening of precipitates during the theroyale. The softened region is
located at the boundary between the TMAZ and HARWFresults in signifi-
cant microstructural changes within and aroundstiteed zone in aluminium
alloys, what leads to changes in mechanical priggerThe solution of heat
treatment and aging of welds could homogenize théernal microstructure
and could be advantageous for tensile behaviour.
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Fig. 6. Tensile test characteristics of the bastenah and FSW joint (aluminium alloy

2024 T3)

4. Conclusions
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Fig. 7. FSW specimen after tensile test

Optimum values of tool rotation speed and traved raere determined
for each tool and finally the optimum tool has bésund out. The following

points have been clarified.

1. The experimental results show a good efficienciriofion stir welding of
2024 aluminium alloy thin sheets (thickness 1.6 maAi)hough the me-
chanical properties of the FSW joint are lower thia® same of the base
material the joint quality is comparable with ob&d by conventional

welding methods.

2. The FSW tool geometry is very important for thenfajuality. The optimal
shape and size of tool pin and shoulder shoulddpesged to the joined
sheet’'s material and its thickness. In the caseested 2024 aluminium
alloy sheets the best results were obtained fotdbeN7, which pin and
collar diameters were equal respectively 4 and &2 m

3. The good quality and high strength FSW joints nimedetermine optimal
velocities of welding tool. Too large transverseexp of the tool can cause
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formation of a void in the joint area, too largeatmnal speed can be the
reason of the temperature increase and overhdatjgint zone.

4. The structure and properties of FSW joint are gotraetrical according to
welding line. There are differences between advanaind retreating sides
of the joint. Tensile test specimen always fractunethe retreating side.
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WPLYW GEOMETRII NARZ EDZIA DO ZGRZEWANIA
TARCIOWEGO Z MIESZANIEM NA WYTRZYMALO SC
NA ROZCI AGANIE POL ACZENIA

Streszczenie

Ze wzgkdu na odpowiednie wdaiwosci mechaniczne, stop aluminium 2024 idealnie na-
daje s¢ do zastosowania w prze&hy lotniczym i samochodowym, natomiast ze wdgl na
staly spawalné¢ nie jest szeroko stosowany w innychegéch przemystu. Aby przezwygi
zy¢ ten problem, przeprowadzono eksperymenty zgrzewamciowego z mieszaniem (ZTM)
blach ze stopu aluminium 2024 z udzialenamch narzdzi oraz w warunkach edrych naj-
wazniejszych parametrach procesu, to znaczdkmsci obrotowej i pedkosci przemieszczania
narzdzia zgrzewajcego. Aby zbadawptyw parametréw procesu ZTM na wytrzym@atane-
chaniczn polgczenia, dla kadego naredzia, okrélono wytrzymatdé na rozciganie w funkciji
parametrow procesu ZTM. Optymalne wadigoredkosci obrotowej oraz mdkosci przemiesz-
czania zostaly okétone dla kadego narzdzia, tak aby w kacu znalé¢ optymalne nargzie.

Stowa kluczowe:zgrzewanie z przemieszaniem, geometriaguia do ZTM, stop aluminium
2024, test rozghania
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EFFECT OF THE INCLINATION ANGLE

OF THE CONDENSER ON THE HEAT TRANSFER
COEFFICIENT VALUE — EXPERIMENTAL

STUDY

Considering problem of the condensation of the gefant in a flow inside
channel, the attention should be paid to the stafpits cross-section, the
hydraulic diameter, the channel length as wellh@sdrientation of the channel
axis in space (horizontal, vertical, inclined). §piaper presents an experimental
study concerning the effect of the inclination &ngf the condenser with a sin-
gle coil pipe on the heat transfer coefficient ealln the laboratory test the air-
cooled condenser with R410A refrigerant has beeasiyated. The results of
test have proved that during the condensationsimgle inclined pipe channel
there is a specific value of the inclination anagfievhich the highest value of the
heat transfer coefficient is obtained.

Keywords: condensation, condensers, heat transfer, heafdrasoefficient

1. Introduction

High-performance heat exchangers (e.g., evaporaiods condensers),
that have high heat efficiency, are currently usedompressor-based refrig-
eration installations. The phenomenon of condemsati heat exchangers can
occur on a flat surface (in plate condensers),henexternal surface of the
channels (e.g., in shell and tube condensers) anglthe flow of the refriger-
ant inside the channels (e.g., in air-cooled cogsdenwith external enhance-
ment) [1, 9, 16]. When refining the problem to temdensation of the refrig-
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erant in a flow inside channels, one needs to paypiEon to the shape of the
cross-section [3, 6, 7] (in the majority of caggipe channels with a circular
cross-section are used), the hydraulic diameter8[514] and the channel
length (i.e. a straight segment or a coil pipe}] #re orientation of the chan-
nel axis in space (horizontal, vertical, incling¢d) 8, 10, 13]. To increase the
efficiency of heat transfer in a condenser an matlon of the condenser may
be introduced [2, 4-7, 10-12, 15]. Next sectiorespnt the results of an exper-
iment concerning the effect of inclination angleaofondenser on the value of
the heat transfer coefficient.

2. Laboratory test bench

An air-cooled lamelled condenser with a single quoge, fed with the
R410A refrigerant was the object of the experimiestiady conducted by the
authors. In the structure of the coil pipe, segsehia straight horizontal cop-
per pipe with an internal diametdr= 6.7 mm and an external diameter of
7.5 mm were used, with each segment length of #0amd connected with
pipe elbows. The number of straight pipe segmdrasformed the coil pipe
was 16. The total length of the coil pipe was= 12 500 mm (the design in-
dex of the coil pipe walst/d = 1866). From the outside (i.e. from the air side)
the coil pipe was lamelled (with the aluminum lal®l0.15 mm thick and the
division of the lamellas 1.3 mm). The computatioeslernal heat exchange
area of the condenser with a single coil pipe #as 4.54 M. An axial fan
generated air movement through the lamelled cpi pilock, and the lamelled
block was placed on the suction side of this fame &verage air velocity in
the inlet cross-section to the condenser was detetrexperimentally and it
was equal to 1.45 m/s.

Figure 1 presents a schematic diagram of the @iedocondenser, which
was fed with the R410A refrigerant. The experim@as conducted with two
different settings of the condenser. In the fiettisg, in which the segments
of straight connection pipes were parallel to thdéZontal plane; in the second
setting, the segments were inclined in relationhis plane. The experiment
was conducted at a specially designed and constriest bench (Fig. 2). The
air-cooled condenser was placed in an isolated bbhansuperheated vapour
of the R410A refrigerant was fed to the condendateneaving the discharge
port of the compressor. The temperature and pressuthe refrigerant were
measured on its inlet and outlet from the condeasdron its flow path in the
coil pipe.

On the basis of these measurements, it was possiblerepare
a distribution of these parameters in the flow ptthe refrigerant within the
coil pipe. The temperature was measured usirtgpe thermocouples with
a thermocouple wire diameter &éf= 0.2 mm. Prior to use, the thermocouples
were calibrated and their individual charactersstiere established. As main
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sensors for the pressure measurements, elastisupeegauges (calibrated)
were used. Strain gauges were also used, but srdyeliary sensors (with-
out temperature compensation). The flow rate ofr¢fiegerant was measured
on the side of the liquid with the aid of an elenic Massflow flowmeter
manufactured by Danfoss. The liquid flow was mamitb with the use of
a typical speculum. Changes of the heat load ottmelenser were measured
as a change in the heat load of the evaporatoai(dian cooler), which was
fed with a thermostatic expansion valve TZR thas yéaced in an isolated
chamber Adjusting elements were used in the chamber (@&telseaters). All
of the measured signal values were processed asimguter measuring cards
and were supplied to the computer data acquissystem.

a)

R410 A
—= M — 1M
inlet ‘ )
| |
| |

outlet \ j
- — m_-__—__—_ 1]

b)

I l”—\ . \\\\\\\
e N Msate‘\vapour

inclination

Fig. 1. Diagram of the analysed condenser with RH40A refrigerant; the condenser is
situated: a) in parallel to the horizontal plarg &) at an anglg

The mean heat transfer coefficient value was caledl according to the
following expression:

Kin
1_ kin
¢ Loyt

a =

(1)
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where:ki - mean heat transfer coefficient through the ggstermined exper-
imentally), aout - mean heat transfer coefficient at the outsidéhefpipe (de-
termined according to Gogolin’s correlatiog)- degree of the enhancement
of the condenser’s external surface.

o

¥z

10

Reg

3 =

Fig. 2. Diagram of the laboratory test bench: éstéd condenser, 2 - isolated condenser
chamber, 3 - isolated refrigeration chamber, 4mmessor installation, 5 - oil separa-
tor, 6 - refrigerant flow meter, 7 - liquid refrigent tank, 8 - evaporator, 9 - measuring
personal computer, 10 - heat load adjusting systdm,thermostatic expansion valve

3. Results of the experiment

Experimental studies of the condensation of theOR4defrigerant are
focused on the interpretation of the impact ofahgles on the effectiveness
of the condensation, especially on value of the traasfer coefficientr. Fig-
ure 3 presents mean heat transfer coefficiemilues in the area of the two-
phase condensation of the R410A refrigerant asatifin of the mass flux
density vp, for constant values of the angleThe characteristics presenting
dependence between the heat transfer coefficiemd heat flow density in
a two-phase condensation area of the R410A refndeare shown in figure
4. Figure 5 presents the dependence between tffecimrd o and the anglg,
when the mass flux densitypvis constant.

The characteristics (Figs. 3-5) of the heat transtefficienta allow to
determine the effect of the inclination angleon the condenser efficiency.
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Experimental studies were carried out in the rasfdew values of the anglé
(i.e. 0+13.9°), which can be treated as the mdshadpplied.
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Fig. 3. Mean heat transfer coefficiemin the area of the two-phase condensation of the
R410A refrigerant as a function of the mass fluxsitgrwp, for selected values of the
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Fig. 4. Mean heat transfer coefficieatin the area of the two-phase condensation of
the R410A refrigerant as a function of the heat flexsityq, for selected values of the
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Relatively low values of the angle represent opemadf a condenser in
conditions when, due to installing limitations, @ndenser cannot be parallel
to the horizontal plane. The dependence f(f) presented in figure 5 enables
to conclude that within the range of the valuethefangle? = 0+9 there is an
increase of the heat transfer coefficient. Furtfarhigher angles (8 > 9°) the
value of the coefficientr is markedly reduced. Thus, there is the optimal in
clination angles which gives the maximal effectiveness of the corsdéion.
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Fig. 5. Mean heat transfer coefficieatin the area of the two-phase condensation of
the R410A refrigerant as a function of the angldor selected values of the mass flux

density (vp)

It should be noted that the condensation conditadribe refrigerant dur-
ing a flow in a colil pipe are completely differdrmm those in a straight pipe.
In the case of a straight pipe, there is a frelawutof the condensate that is
generated in the condensation process of the eefing. The inclination of the
straight pipe facilitates the outflow of the condgat®; however, this is limited,
and for angles over 40°, this begins to hinderoiliow. For this reason, the
course of the dependences of the heat transfefidgest from the pipe incli-
nation angle can be justified. For the analysetinatton angle, there were no
problems with the free flow of the condensate.

4. Conclusions

The results of the experimental study makeit pdsdib determine the
value of angles for which the highest value of the mean heat teansoeffi-
cient. This coefficient was obtained in the two-ph@&ondensation area in the
coil pipe of the air-cooled condenser that wasimed in relation to the hori-
zontal plane. In the conditions of the experimentaéstigations of the con-
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densation of the R401A refrigerant in the coil pipgth a design index
Ly/d = 1866 [+ is the total length of the coil pipe adds its internal diame-
ter), the value of the optimal inclination angle tbé channel wag ~ 9°.
Higher value of the anglé limited the process of the condensation of the re-
frigerant. In consequence, it reduced the effigyaricthe condensation.
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WPLYW K ATA NACHYLENIA SKRAPLACZA NA WARTO SC
WSPOLCZYNNIKA PRZEJMOWANIA CIEPLA - BADANIA
EXPERYMENTALNE

Streszczenie

Analizujac skraplanie czynnika chtodniczego przephagepgo wewntrz kanatu, trzeba
zwrdcik uwag; na ksztalt jego przekroju poprzecznegrednie hydrauliczra i diugosé kanatu,
a take usytuowanie przestrzenne osi kanatu (poziomeopve, nachylone). W artykule przed-
stawiono wyniki bada eksperymentalnych wplywugta nachylenia skraplacza jedngaowni-
cowego na warkd wspotczynnika przejmowania ciepta. Badano skraplaczzynnikiem
chtodniczym R410A, chtodzony powietrzem. Wyniki bagetwierdzity,ze istnieje optymalny
kat nachylenia tego rodzaju skraplacza, dla ktoregigga sé najwicksz wartas¢ wspétczynni-
ka przejmowania ciepta.

Stowa kluczowe:skraplanie, skraplacze, wymiana ciepta, wspoicikypreejmowania ciepta
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EXPERIMENTAL INVESTIGATION OF FREE
CONVECTION OF GLYCOL-AI 203 NANOFLUID
FROM HORIZONTAL TUBE

Nanofluids are considered to be a new generatiotoofants, both in single-
and two phase systems. Furthermore, nanofluidsaooecomposites may be
used as a media in thermal energy storage (TESudéh systems as sensible
heat storage (SHS) and phase change materials (HEke SHS systems the
dominating mechanism of the heat transfer is nhtoavection. However, in
the literature only a few investigations of freengection of nanofluids have
been discussed. This paper presents preliminanjtsesf the experimental in-
vestigation of natural convection heat transfeglgtol-Al.Oz nanofluid from
horizontal tube.

Keywords: thermal energy storage, sensible heat, nanofltriels convection

1. Introduction

The shortage of fossil fuels and environmental ictamations — first of all
the reduction of carbon dioxide emission, motivatkd use of alternative
energy sources. However, utilization of renewalodlerses of energy may be
limited due to a mismatch between energy supplyearetgy demand and in-
termittent performance of the renewable energy camurTherefore, thermal
energy storage plays essential role in heat regavadl contributes considera-
bly in improving the performance of the thermalteyss. There are two main
physical ways for thermal energy storage: a chamgdernal energy of a ma-
terial as sensible heat or latent heat during plthaege processes and ther-
mochemical reactions. Energy storage based on chénmgactions has much
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higher thermal capacity than sensible heat butotswidely commercially
viable.

Large volume sensible heat systems are promistimtdogies with low
heat losses and attractive prices. However, lowrthkconductivity of liquids
leads to a slow charging and discharging rate. di@ging and discharging
rate can be enhanced by applying nanofluids, ivetunes of a base fluid and
nanoparticles with a typical size smaller than @a60[1]. The fact that thermal
conductivity of the suspensions is higher than tifahe base liquids results
from the higher - even orders of magnitude, thercmaductivities of solids
than that of liquids [2, 3]. Moreover, crucial iarsible heat storage specific
heat of the storage material (fluid) can be enhdrme use of nanoparticles
[4]. Natural convection is the dominating mechanishthe heat transfer in
the SHS systems. However, in the literature — eoptio forced convection or
boiling heat transfer of nanofluids, little attemtiwas paid to study free con-
vection of nanofluids. Putra et al. [5] studied theansfer of aqueous CuO and
Al0O; nanofluids inside a horizontal cylinder with ID 49 mm and 100 mm
long. The concentration of nanoparticles was 1% 4#idoy volume. Experi-
ments at Rayleigh number ranging from 106 to 108%&hl a systematic and
significant deterioration of heat transfer. Theedieration increased with an
increase of nanoparticle concentration and was mooaounced for CuO
nanofluids. Wen and Ding [6] investigated heat ¢fan behaviour of water-
TiO, nanofluid inside a bottom-fired cylindrical gaptlwia diameter of 240
mm and a thickness of 10 mm. The concentratioraobparticles was 0.19%,
0.36% and 0.57% by volume. The results showed tersgdic decrease of
heat transfer coefficient with increasing particncentration. Li and Peter-
son [7] studied heat transfer behavior of wate@Alnanofluid inside a bot-
tom-fired cylindrical gap of 20 mm in diameter ahitkness of 2.5 mm. The
concentration of nanoparticles ranged from 0.5%%oby volume. A deterio-
ration of heat transfer coefficient was observetthan increase of the volume
fraction of the nanoparticles. Mahrood et al. [Bhducted experiments with
Al;0; and TiQ aqueous solution of carboxymethyl cellulose (0.34)t Test-
ed nanofluids exhibit the properties of non-Newaonifluids. Experiments
were carried out in the vertical cylinder (encl@&uwith three aspect ratios
(length to diameter) of 0.5, 1.0 and 1.5. The nantigje concentration was
0.1, 0.2, 0.5, 1.0 and 1.5 by volume. The numersiaulations of natural
convection of nanofluids show enhancement of hreatter [9-11]. However,
the results presented in the literature are devimtéldde enclosed spaces when
the liquid’s thermal conductivity is very important

This paper aims to evaluate the potential of gh&leD; nanofluid as
a sensible heat storage material in a natural atiovesystem. The test cham-
ber consists of a cubical vessel that simulates &btffainer and a horizontal
tube is as a heating element. Alumina nanopartarletested at the concentra-
tion of 0.1% by weight.



Experimental investigation of free convection ofal-Al.O3 nanofluid... 317

2. Experiment

The test chamber consists of a cubical vessel neddacrylic glass
(PMMA) with inside dimensions of 160 mm x 160 mn5&0 mm. Commer-
cially available stainless steel tube with an al@gdiameter of 10 mm and 0.6
mm wall thickness is used to fabricate the testdredhe effective length of
the tube was 150 mm. The ends of the tube arersolde cooper joints in
order to minimize any additional electrical resis® The test specimen is
heated by using the tube itself as a resistandethdde power supply can be
adjusted with an electrical transformer. The ingetaperature of the test tube
is measured using two resistance thermometers PTMd€lve thermometers
type Pt100 - located at various levels inside tbgsel are used to determine
the average fluid temperature. The scheme of thererental rig is shown in
Fig. 1.

In the present study ADs; nanoparticles were applied while as a base flu-
id pure ethylene glycol was used. In order to premable nanofluids and
reduce the occurrence of agglomerates the sonicatiapplied using an ultra-
sonic washer for 4 h. Alumina nanoparticles aréeteat the concentration of
0.1% by weight. Used nanoparticles have a spheigcal and their diameter
is in a range from 5 nm to 250 nm, while their mdameter is 47 nm accord-
ing to the manufacturer (Sigma-Aldrich Co.). Hdaxkfis calculated as

— Pel
oL @)

where:Pqy - electrical powerDo - the outside diametek, - the length of the
tube.

The inside temperature of the tube is calculatednaarithmetic mean of
the measured two inside temperatures:

t 4+t
tin — _inl 2 in2 (2)

where:t,,t;,, - the inside temperatures of the tube.

According to Fourier’s law, the mean temperaturehef outside surface
of the tube was determined from the formula [12]:

D
In( DO] @)
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where:U - voltage,l - current intensityD; - the inside diamete#; - thermal
conductivity of the tube material.

160

3

fluid

500

R RiB ol o

‘a
‘I\J
|

Fig. 1. Scheme of the experimental setup (left) gadmetry of the vessel
(right): (1) variac, (2) transformer, (3) PC-aidddta acquisition system,
(4) DAQ-module, (5) cooler, (6) cooling water syate(7) cooling water
outlet, (8) Pt100 resistance thermometers, (9)latism, (10) test vessel
filled with a fluid, (11) heating section, (12) ninteter

The wall-to-fluid temperature difference is estiswgs:
AT =t, —t, (4)

where:t; - the mean fluid temperaturs, - the outside surface temperature.

The mean fluid temperatuteis calculated as the arithmetic mean of the
eight fluid temperatures (measured above the hgailme (Fig. 1).

=8

t (5)

©| -
W

The inside tube temperature and the distributiomperature of the fluid
were recorded during established steady statesthéomeasurement of the
temperatures the resistance thermometers Pt10Cavdtameter of 3 mm and
the accuracy +(0.3+0.008)-wheret is a current temperature, were used. The
heat transfer coefficient is estimated as:

_q
a= = (6)

where:q - heat flux, calculated from Eq. 1,
AT - wall-to-fluid temperature differencealculated from Eq. 4.
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Nusselt and Rayleigh numbers are calculated franidimulas:

—_— aDO
Nu = y (7)
_ 9AATD;
Ra=22""o
a==" (8)

where g - gravitational acceleratiom, - thermal diffusity,f - coefficient of
thermal expansiony - kinematic viscosity/ - thermal conductivity.

Due to low nanopatrticle concentration, there weaten the same ther-
mophysical properties of the nanofluid as for petteylene glycol. The accu-
racy of calculated parameters is estimated withntean square method. The
uncertainty of the heat flux was estimated as ¥adlo

d > (d (o ?
Aqg = (qAPj +[qADoj +(qAL) (9)
oP oP oP
The absolute measurement errors of the elecpmakr AP, the outside
tube diameteAD, and active length of the tull®. are 1 W, 0.1 mm and 0.5

mm, respectively. The maximum error for the heak flvas estimated to
+1.2%. The experimental uncertainty for averaget tr@asfer coefficient is
calculated as:

oo, Y (oa _Y
Aa = \/(—” qu +(—” a‘rj (10)
0q OAT
The absolute measurement error of the wall super@€is 0.1 K. The
maximum error for average heat transfer coefficiea$ estimated to +1.2%.
During the experimental runs the inside tube termoee, the distribution
temperature of the fluid, the voltage and curreténsity were measured by
using a Lab View system. All these data were remtrduring established
steady states. Steady state was reached when theeaaing varied by less
than 5uV over a 15 min period. The time to establish adyestate was usual-

ly about 1.5 h. A new steady state was reacheddrgasing the voltage and
simultaneously increasing the cooling water fluxha cooler.

3. Results

In order to validate the apparatus as well as ¥permental procedure,
the present data for pure glycol are compared thitke predicted with the use
of Churchill and Chu correlation [12]. The Nusse&ltmber Nus, was
determined from the correlation:
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1

6
Nu,, =106+ 207 Ra (11)

8

9 |27
1+( 0559j16
Pr

where:Pr - Prandtl number

Figure 2 shows the comparison of the predictedtseand measured data
during three independent runs. The results showsfaetiory agreement.
Figure 3 shows preliminary results of heat trandfem horizontal tube
obtained for glycol-AlOs nanofluid with nanoparticle concentration of 0.1%
by weight. Contrary to the experimental resultsoresd in the literature slight
enhancement of heat transfer compared to the plyeolgon the same
stainless steel tube was recorded.

Nu
100 -
Churchill and Chu ‘
" e
— A| Ade A
10 - Ae® Al A A
A -1 run
f -2ndrun
-39 run
1 |
100000 1000000

Ra
Fig. 2. Nu-Ra relationship of pure ethylene glycol

4. Conclusions

Heat transfer behavior of glycol-Ab; nanofluid during free convection
from horizontal stainless steel tube was investigat

Present results for pure glycol show satisfactgryeament with predic-
tions made by recognized Churchill and Chu con@tathowever the cor-
relation overpredicts the experimental data fofrak conducted runs.
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Contrary to the results reported in the literatlight enhancement of heat
transfer for glycol-AdlOs nanofluid compared to the pure glycol was rec-
orded.

Nu
100
A A
Agoho Ao
10 boo SO P
: - glycol
- glycol-Al,O4
1 |
100000 Ra 1000000

Fig. 3. Nu-Ra relationship of glycol-4D, (0.1%) nanofluid
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BADANIA EKSPERYMENTALNE KONWEKCJI SWOBODNEJ
NANOCIECZY GLIKOL-Al >03 NA POZIOMEJ RURCE

Streszczenie

Nanociecze uweane § za nowy generagj czynnikéw chiodacych w uktadach jednofa-
zowych oraz dwufazowych. Ponadto, nanociecze i kamponenty mogby¢ uzyte jakosrod-
ki magazynowania energii cieplnej (TES) w takiclsteynach jak SHS czy PCM. W systemach
wykorzystugcych ciepto jawne dominggym sposobem wymiany ciepta jest konwekcja swo-
bodna. Mimo tego, jak dgd, przeprowadzono niewiele badeksperymentalnych i numerycz-
nych dotycacych zjawiska konwekcji swobodnej nanocieczy. Wegraaprezentowano wgt-
ne wyniki badé eksperymentalnych wymiany ciepta podczas konwedwjibodnej nanocieczy
glikol-Al 203 na poziomej rurce.

Stowa kluczowe:magazynowanie energii cieplnej, ciepto jawne, méeaze, konwekcja swo-
bodna
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IMPROVEMENT IN ACCURACY OF NATURAL
FREQUENCY DETERMINATION BASED ON THE
ENVELOPE OF CROSS-CORRELATION
FUNCTION

This paper presents a method of improvement ofattwiracy in natural fre-
guency determination when having impulse resporigas impact testing.
A new method is used for obtaining impulse respapextrum. The improve-
ment in natural frequency determination is a resiilimproving the spectral
resolution. For this, the new method uses cal@natif surface area under the
envelope of the cross-correlation function. Thiegass is repeated by single-
harmonic signal generated step-by-step with frequechanged iteratively.
Thus the frequency resolution of determined spettisiindependent of length
of analysed impulse response.

Keywords: natural frequency, determination, improvement eéopye

1. Introduction

The use of natural frequency as a diagnostic pasanme structural as-
sessment procedures using vibration monitoringidgkely applied. Changes in
natural frequencies are called the classical dantagjeators. They are the
most used damage indicators both formerly and nawsadThe natural fre-
guencies are sensitive to all kinds of damagelfiLfact, natural frequencies
are sensitive indicators of structural integrityn Analysis of periodical fre-
guency measurements can be used to monitor stalictandition [2]. The
existence of a crack causes reductions in natteglieéncies. The value in nat-
ural frequency shifts can reach from tens of Ha tew Hz [3, 4]. Examina-
tion of the change in natural frequencies allowgstimation of both the loca-
tion and size of the crack [5]. Using the fast kautransform (FFT) spectral
resolution is fixed as an inverse of the duratibrthe recorded signal [6, 7].

1 Autor do korespondencji/corresponding author: Adewotowski, Faculty of Mechanical
Engineering, Bialystok University of Technology, Wiejska 45C, 15-351 Bialystok, Poland,
e-mail: a.kotowski@pb.edu.pl
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Then, measurements of natural frequency partigufanim short impulse re-
sponses are encumbered with errors.

One of the way to improve the frequency resolui®interpolation. It
improves the resolution by a few orders [7, 8]otder to avoid the limitation
in the frequency resolution using FFT, Cawley arghis investigated this
problem and showed that it was possible to obteéguency resolution of
one-tenth of the spacing between the frequencytpproduced by the Fourier
transform [9]. The other way for increasing frequemnesolution of the spec-
trum and improving frequency estimation is zerogbad technique [10, 11].

The cross-correlation function has been used telede signal from im-
pact testing to sine wave. In addition, the Hilldesinsform has been used to
obtain the envelope of the cross-correlation fumc{il2, 13]. The results of
previous investigations have shown that the suréaea under the envelope of
cross-correlation function has its local highedtugdn the case of equality of
any harmonic between analyzed signal and refersimgge-harmonic signal.
This way, the new procedure results the spectrutim @wn frequency resolu-
tion, e.g. tens of times increased in regard tesital FFT.

2. Reading natural frequency from 3-dof system impulse
response

An essence of the proposed cross-correlation-epgetoethod (CCEM)
for enhancement the spectral resolution is to taeerecorded impulse
response signal(k) to sine waves generated within a step in frequendy
this way,r value constitutes spectral resolution when catmgaa surface ar-
ea under the envelope of the cross-correlationtimmcThe algorithm is pre-
sented in Fig. 1. Symbalt means a sampling period as the inverse of sam-
pling frequencyfs (dt = 1/fs). When algorithm is stopped a plot of the surface
area within frequencyi makes a spectrum with resolutionThe spectrum
involves frequencies from 0 Hz t§2 Hz.

The unit impulse response function of a multi degvéfreedom sys-
tem can be expressed as follows [14]:

h() = SA exptot)sina,) &

r=1

where: A - therth modal constantg; - the rth modal dampinge: - the rth
damped angular frequency of the system. Three deagfrfeedom (3-dof)
system impulse responk§) is considered in this sectiomz= 3, see Eq. 1. For
instance, it could be an impulse response of a hwidaechanical system in
the form of the mass-spring system. To obtain itme thistory of the signal,
the values of parameters of impulse response haga landomized. As an
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example, amplitudes reached the values from 0155pdamping from 500 to
600 and frequencies from 3000 to 15000 Hz, where2xf.

Enter spectral
resolution r

i=0

<

x{k) «sin(Pm-i-r-k-dt)

v

Cross-correlation function
{vik)x(k)} caleulation

[

Envelope of cross-correlation
function calculation

v

Surface area under
the envelope caleulation

¥
S «ir

v

Fig. 1. Diagram of the method for obtain
the spectrum with resolutian

The analyzed signal has been synthesized numegricalsampling fre-
guency equal to 65536 Hz and 1024 samples in lekigthce, frequency reso-
lution by using FFT is 64 Hz. The exemplary imputesponse signal under
consideration is shown in Fig. 2. The proposed peibf obtained spectrum
can be utilized by the same resolution that FFTdpces (64 Hz) but it also
makes a possibility to have the spectral resolutiarch higher without in-
creasing the signal length. Spectra obtained uskiand CCEM are shown
in Fig. 3. A set of calculations and measuremeotsHree cases of random
signal parameters values is shown in Table 1 ardefe, the results also in-



326 A. Kotowski

clude two types of spectrum obtaining, i.e. FFd &@CEM by 8 Hz and 1 Hz
spectral resolution.
2

'
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Fig. 2. Exemplary 3-dof system impulse response

1
o
S osf
E‘
L 2 25 3
8 x 10°*
g 1
g .
3
0.5t
0 ; i :
0 0.5 1 1.5 2 25 3
Frequency (Hz) x 10*

Fig. 3. Impulse response spectra obtained using (E{)
and CCEM (bottom)

Table 1. Real frequencies

Case fi[Hz] f2[Hz] fa[Hz]
1 3957.17 10485.38 14800.28
2 3035.71 10849.13 14933.99
3 3706.05 10031.83 14276.92

Table 2. Measured frequencies using FFT and CCEM

Case Method fi[Hz] f2[Hz] fa[Hz]

FFT 3968 10496 14784

1 CCEM, Af = 8Hz 3960 10488 14800
CCEM, Af = 1Hz 3958 10486 14800

FFT 3008 10816 14912

2 CCEM, Af = 8Hz 3040 10848 14936
CCEM, Af = 1Hz 3037 10849 14934

FFT 3712 10048 14272

3 CCEM, Af = 8Hz 3704 10032 14280
CCEM, Af = 1Hz 3707 10032 14277
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Fig. 4. Absolute differences between real and measérequencies
for 1st, 2nd and 3rd case

The best accuracy of frequency determination ha babtained for
CCEM by frequency resolution equal to 1 Hz, see &ig black bar. Absolute
differences between real and measured frequenditgined using FFT
reached a range from 5 Hz to over 30 Hz. Howeesplate differences be-
tween real and measured frequencies obtained @M with 1 Hz resolu-
tion reached from nearly O Hz to about 1.3 Hz. s lhe accuracy of frequen-
cy determination using CCEM is several or even dezi times higher than
using FFT.

3. Reading natural frequency from 3-dof system implse
response in the presence of noise

Impulse response of 3-dof system has been noisbd?®idB and 40 dB
signal-to-noise ratios (SNR) given as follows:

NRy; = 20|g% 2)

where As and A, mean root mean square (RMS) of an analyzed signél
RMS of a noise, respectively [15]. To obtain thmdihistory of impulse re-
sponse, the values of parameters in Eq. 2 have fls@elomized at the same
ranges as presented in section 3. The noised impedponses has been calcu-
lated with the same sampling frequency and saniplesgth as in section 3.
The noised impulse responses of 3-dof system anersin Fig. 5. Spectra of
considered impulse responses are shown in FigsDéfférences between real
and measured frequencies obtained using FFT haohed the same values
20 dB and 40 dB of SNR (Table 3). In this caselerinces are in the range
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from 22 Hz to 33 Hz, see Fig.8. By using CCEM, @lifinces between real and
measured frequencies have reached the range ofl223Hz for 20 dB of
SNR and the range of 0.1-3.3 Hz for 40 dB of SNRc®again, the accuracy
of frequency determination using CCEM is severad\@n tens of times high-
er than using FFT.
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Fig. 5. Noised 3-dof system impulse response wiiiR2(left) and 40dB (right) of SNR
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Fig. 6. Spectra of noised impulse response withB20d
of SNR obtained using FFT (top) and CCEM (bottom)
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Fig. 7. Spectra of noised impulse response withB40d
of SNR obtained using FFT (top) and CCEM (bottom)
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Table 3. Real and measured frequencies in the
case of 20dB and 40dB of SNR

fi[Hz] | f[HZ] | f3[Hz]
Real
3035.71 | 10849.12]  14933.99
Measured using FFT, SNR=20dB
3008 | 10816 | 14912
Measured using CCEM, SNR=20dB
3046 | 10836 | 14945
Measured using FFT, SNR=40dB
3008 | 10816 | 14912
Measured using CCEM, SNR=40dB
3039 | 10849 | 14936
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Fig. 8. Absolute differences in Hz between real arahs-
ured frequencies by 20dB and 40dB of SNR

4. Results for the case of integer and non-integer fogiency
resolution multiplication

In this section, spectral analysis of impulse respoof single-degree-of-
freedom (SDOF) system for different damped freqydyeing the multiplica-
tion of frequency resolution is presented. For ttase damped frequency of
SDOF system is considered in the following form

f, = kaf +z4f ®3)

wheref is the frequency resolutiok,is a factor for integer multiplication of
the frequency resolutiok € 1, 2, 3,...) ana is a factor within the range 0 to
1. To obtain the impulse responses, faktbas been changed from 91 to 100.
By settingz factor, frequencyy can obtain the values as the non-integer mul-
tiplication of the frequency resolution. In thisyydrequencyfy will be within

the range of 5824Hz to 6464Hz. The analyzed imprdsponses have been
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synthesized numerically by sampling frequency edqo&5536 Hz and 1024
samples in length. Hence, the frequency resoldijonsing FFT is unchange-
able and equal tdfrrr = 65536/1024 = 64Hz, while the frequency resolution
by using CCEM can be fixed in an arbitrary way,arelless of the recorded
signal length, e.g4fccem = 1 Hz. Exemplary impulse response of SDOF sys-
tem is shown in Fig. 9.

Amplitude

-0.5

10 0002 0004 0006 0008 001 0012 0014 0016
Time (s)

Fig. 9. SDOF system impulse response

The results from No. 1 to 10 (Table 4) have showat in the case of in-
teger multiplication of the frequency resolutiorerd is no difference between
real and measured frequency using both methods ,(FETEM).

A completely different status is by non-integer tiplication of the frequency
resolution. Difference between real and measuredquigncy depends aon
factor significantly when using FFT (Fig. 10).

337 [ mFFT WCCEM |

01 02 03 04 05 06 07 08 09 1
z factor

Fig. 10. Absolute differences between real and oreasfre-
quencies as a function pfactor
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Table 4. Real and measured frequencies using FFTaM for in-
teger and non-integer multiplication of the fregeyeresolution

Measured frequency
No. K . Real frequency [Hz]
[Hz]
FFT CCEM

1 91 0.0 5824 5824 5824

2 92 0.0 5888 5888 5888

3 93 0.0 5952 5952 5952

4 94 0.0 6016 6016 6016

5 95 0.0 6080 6080 6080

6 96 0.0 6144 6144 6144

7 97 0.0 6208 6208 6208

8 98 0.0 6272 6272 6272

9 99 0.0 6336 6336 6336
10 | 100| 0.0 6400 6400 6400
11 | 100| 0.1 6406.4 6400 6407
12 | 100| 0.2 6412.8 6400 6413
13 | 100| 0.3 6419.2 6400 6420
14 | 100| 0.4 6425.6 6400 6426
15 | 100| 0.5 6432.0 6400 6432
16 | 100| 0.6 6438.4 6464 6439
17 | 100| 0.7 6444.8 6464 6445
18 | 100| 0.8 6451.2 6464 6451
19 | 100| 0.9 6457.6 6464 6458
20 | 100| 1.0 6464.0 6464 6464

Maximum difference then is a half of the frequemegolutionAferr =
= 32 Hz. In the case of the use of CCEM, differsnicetween real and mea-
sured frequencies are far lower in comparison td Rfeasurements. Then,
maximum difference is 0.8Hz (Fig. 10 black bar).

5. Conclusions

The use of cross-correlation function and its eopelallows to obtain
signal spectrum. The proposed non-Fourier methoddourate measurement
of natural frequency is comprised of the processcatulation of cross-
-correlation function between the impulse resposigmal and sine wave.
Then, a surface area under the envelope of thes-carselation function is
calculated. The frequency resolution in this mettsoregardless of the signal
length and can be adjusted. Thus, the frequen®jutéen can be increased
significantly and the accuracy of determinatiomaftural frequencies can be
improved. The examples have shown that the propossttiod gives much
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higher accuracy in frequency determination besiH&, Falso in the presence
of noise. The results in the case of integer andinteger frequency resolu-
tion multiplication have indicated advantages & pihesented method.
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CO-FIRING OF COAL WITH NATURAL GAS -
COMPUTATIONAL SIMULATIONS

The paper includes the results of computationas tesnducted to compare coal
combustion to the natural gas co-firing with caathe combustion chamber of
the conventional OP230 boiler with low-emissiomfrburners and open-fire air
(OFA) nozzles. It was shown that co-firing coallwihe co-fuel with high con-
tent of methane can result in the reduction of NInissions about 40% com-
pared with the coal combustion. The results obthicen be used as a bench-
mark for comparative computer tests of indirectfidtog of coal with syngas
derived from wood- and agriculturally-based bionasd waste products.

Keywords: co-firing, boiler, low-emission combustion

1. Introduction

The energy sector is interested in energy-efficeemd economically ra-
tional low-carbon technologies of electricity andah production, including
the use of biomass. One of these is the indirediriogy wherein, the substi-
tute of gaseous fuel in the form of a low calorgigngas produced from the
highly efficient gasification of different fuel fdstocks is either co-fired with
coal at the burners, separately burned at the apgaainers or used as reburn-
ing fuel [1-3]. The separation of gasification aratfiring processes is still
relatively unpopular due to high unit investment3#t However, this technol-
ogy can be regarded as safer, more efficient ane mvironmentally friend-
ly than direct co-firing. Delaying the commerciapoyment of gasification
in the power industry and utilities sector is theed to substantially increase
the energy conversion efficiency of gasificatiomgess. This means that the
syngas should contain a large share of combustieponents, mainly of
light hydrocarbons, and therefore primarily methaneaddition, it needs to

1 Autor do korespondencji/corresponding author: Pizdaw Motyl, University of Technology
and Humanities in Radom, ul. Malczewskiego 29, 26-Badom, +48 48 361 71 23, e-mail:
p.motyl@gmail.com

2 Jan tach, University of Technology and HumanitieRadom, e-mail: lachjan@wp.pl
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have the lowest possible content of tars, dioXimsns and polyaromatic hy-
drocarbons (PAHS).

The indirect co-firing of the syngas with coal cahtead to exceeding
the legally permissible emission levels, includithg NQ. emissions the re-
duction of which from power boiler furnaces is afethe difficult problems
associated with coal combustion. For this purptse,so-called primary and
secondary methods are used [6, 7]. The first ahtheased on the modifying
the organization of the combustion processes, leagducing the NOfor-
mation inside the combustion chamber while thetatbnsists in reducing the
NOx emissions in the exhaust gas with the use of ffigest but expensive
Selective Catalytic Reduction (SCR) technology. ©héhe important prima-
ry methods is the reburning or fueling in stagieghnology. In principle, one
has to deal with the three-stage combustion of @ualding: (i) primary
combustion zone in which a main fuel is burnt; (@pburning zone with an
injection of co-fuel establishing a fuel-rich zoremd (iii) burnout zone in
which a secondary air is supplied. Reburning istbi subject of research in
lab-scale, pilot and demo installations althoughsiiccessive commercial en-
vironmentally friendly implementations in pulvertzeoal-fired boilers in the
Japan known as MACT and A-MACT [8, 9] were fullycsessful and applied
in new boiler installations. Similarly, effectiveburning technologies were
commercially implemented in the USA [10-12] whikeetfull-scale tests have
been conducted, e.g. in the UK [13]. Let us addl tlagural gas, very fine pul-
verized coal, coal emulsions and crude-oil wered ues® reburning hydrocar-
bon fuels. Each of these secondary fuels posesnmberof technological
and/or economic problems. To provide hydrocarbansdburning in pulver-
ized coal-fired boilers, the injection of syngagivkd from gasification of
different types of biomass and waste products (Wwwadte, agro biomass,
bark, sawdust, peat, cardboard, railroad tiestiptasnunicipal solid wastes,
solid recovered fuels, etc.) was also investigateldb-scale as well as pilot
and demo installations. Such a technology is knag/mhe indirect co-firing.
Advantages and disadvantages of both direct anidestdbiomass co-firing
systems have been done e.g. in [14, 15]. The cooiah@xamples of the lat-
ter are as follows: (i) the Kymijarvi combined heatd power (CHP) plant
near Lahti in Finland (167 MWe, 240 MWth) with tRester Wheeler circu-
lating fluidized bed (CFB) gasifier operating onady biomass, peat, paper,
cardboard, tires and plastics [16]; (i) the Ru@al-fired plant in Belgium
(190 MWe) with the gasifier similar to that of tkgmijarvi CHP plant oper-
ating on wood chips, bark and board residues |[(iif)];the coal-fired CHP
unit (600 MWe, 350 MWt) of the Amercentrale powda in Geertruiden-
berg in Netherlands with the CFB gasifier operatimgwood fuels such as
demolition wood [18]; and (iv) the Zeltweg poweapt in Austria (344 MWH)
(closed in 2001 for economic reasons) with the QéBifier operating on
spruce bark, wood chips, sawdust, plastics railrtbesl and old demolition
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wood [19, 20]. Despite the lack of DeNOx instabhati the reduction of NO
emissions from the above-listed installations wamf5 to 10% of that during
coal combustion. Further installations are desdribay. in [21]. Difficulties
related to the implementation of experiments caused indirect co-firing
processes are increasingly analysed via numericallations usually using
ANSYS Fluent CFD program. Our numerical resultyaarning woody bio-
mass-based syngas co-firing with coal in the ocdljgombustion chamber of
the conventional OP230 boiler manufactured by RARAWith eight low-
emission burners located at three levels on th& fn@ll, have been given in
[22, 23]. The input and some operating data wetleated at the Biatystok
Thermal-Electric Power Station S.A. The woody bismderived raw syngas
containing 3% of methane was injected into combusthamber via: (i) six
nozzles added on the front wall at the level oftibtom row of burners [22];
and (ii) three nozzles located on the side walbwethe OFA nozzles [23].
The heat replacement by the co-fuel was about 7%a$ found that the re-
duction of NQ emission can reach about 10% [23] and about 26 Be-
low, we present the results of simulations of cij of coal with natural gas.
Like this, we intend to identify the effect of coel type with high content of
methane for the formation of favourable conditifmrsthe reduction of NQin

a fuel-riche zone of the OP230 boiler. It is asstitiat the injection of natu-
ral gas was carried out as in [23]. The resultsaiobd can be used as
a benchmark for comparative computer tests of @atlico-firing of coal with
syngas derived from wood- and agriculturally-bab&uinass and waste prod-
ucts in the combustion chamber of the OP230 stealvefized coal-fired
boiler. The natural gas is considered as the stdnci®fuel since reburning
works best with methane.

2. Formulation of the problem

The goal of our study is to compare the preliminagnputational results
with regard to the reduction in N@missions during co-firing of natural gas
with coal relative to the baseline case when omsl as combusted under
normal operation conditions of the OP230 boilerttBsimulations were car-
ried out using ANSYS program. The input and somerating data, i.e.: coal
properties and boiler's full-load rating data, wedlected at the Biatystok
Thermal-Electric Power Station S.A. Boundary caondi were derived using
data acquired from the boiler manual. The sizéneftioiler is 8x26.7x8.66 m.
The unit is originally equipped with eight low-N®urners on the front wall
manufactured by Ecoenergia, but it was assumedotiigtsix of them are in
operation. They are located equally at two heights:7.4 mand y = 9.5 m,
i.e. three at each height (Fig.1). The chemical pasition of coal is given in
Table 1 and its calorific value was assumed todeakto 23.44 MJ/kg. For
simulation purposes, the dedicated nozzles supplyiea combustion chamber
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with the natural gas were added on two walls athisight of the bottom row
of burners y = 5.4 m. Assuming 5% (case 1) or 168&6€ 2) of heat replace-
ment by the supplemental fuel, we find the partbaifer power which should
be obtained from combustion of natural gas. Knowisdower heating value,
we arrive to volume flow rate. The composition atural gas is given in Ta-
ble 2. As for OFA nozzles (after the boiler retipffour of them are installed
on the front wall (y = 13.7 m) and two times mone the opposite wall
(y =11.3 m and y = 13.7 m). The combustion andigogf simulations were
limited to a radiant furnace. This approach requieekeep the flue gas tem-
perature distribution in the cross-section y = 1@amresponding to the inlet
into the boiler convective section. It must be peihout that a small correc-
tion of air distribution in the combustion chamlters been made. This was
associated with the transferring a part of air nfass rate from the burners
zone to OFA nozzles to remain both the proportibaioto coal in coal burn-
ers and overall balance of air supplied to thedodirable 3). Such a treatment
resulted in an air velocity increase in the nozaed better mixing of the flue
gas with secondary air. The methane introducedthgareburning zone pro-
duces the greatest possible number of hydrocaradicals CH responsible
for the NO reduction to primarily HCNECH; + NO = HCN + ...). Next, in
view of the oxygen deficiency, HCN is convertedtino radicals NHwvhich
react with NO leading to the formation of molecutairogen (N). Finally:
YCH + NO - HCN - NH; - N.. Intermediate reactions involve hydrogen H
and hydroxyl OH radicals [24]. This mechanism of N&uction justifies the
need to maintain a low excess air coefficient(0.7 to 0.9) in the reburning
zone. In many secondary reactions ofZNH:CN and HCNO formation, high-
ly reactive hydrocarbon free radicals, CH, Céhd CH, are of essential
meaning. These conditions are not conducive tdNtheformation in the boil-
er furnace; therefore, their reduction can reachaup0% depending on the
methane percentage of total fuel [25]. Result@bbtatory tests with injection
of methane into the reburning zone during coal agstibn are demonstrated
e.g. in [26]. The N@content was as follows: 480 mg/Nifat the inlet to the
reburning zone), 120 mg/Nnfat the level of secondary combustion air), and
148 mg/Nni (at the outlet of the combustion chamber). Redacth NQ
emissions in real conditions (the Longannet plar@08 MWe, the Denver
plant — 172 MWe) have been described in [13] amq. [ ranged from 40 to
70 %. In general, the efficiency of reburning degsealso on excess air coef-
ficient, stoichiometry and temperature of the reing zone, flue gas and
syngas compositions, residence time, etc. This sgwt many computational
studies are needed to achieve the appropriateétagonships. The OP230
boiler selected for our study is a unit in whicke tiegion of burners is the air-
deficient combustion zoné\ (< 1). To create conditions for the total carbon
burnout, the secondary air is supplied into the lmastion chamber through
bottom and OFA nozzles. Such an oxygen distribugitmws the examination
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of the placement of additional nozzles supplyirgg¢bmbustion chamber with
syngas at the bottom burners level. In this way @areget an effect similar to
the reburning. At the same time, the residence timgyngas particles in the
combustion chamber is so long that promotes thewd®n of harmful com-
pounds that may arise in the process of gasificattuch an increase of fuel
injection at the level of bottom burners shoulduegithe zone rich in oxygen
derived from the additional air nozzles locatedttom side walls. This should
translate into an increase of substoichiometricezélom bottom to upper
burners. It was assumed in our computations theafitht ones do not work.
However, this procedure may give rise to an in@dagsk of sulfur corrosion.
To avoid this, some additional shielding measuresiaeded.
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Fig. 1. Geometry of the OP 230 boiler at the BiatigSthermal-Electric Power Station S.A.

Table 1. Coal composition

Compone Ash | Humidity[Carbof Hydrogen| Oxygen| Nitrogen Sulphur|Chloring]
% wt 12.60 12.40 60.53 4.40 8.20 1.30 0.22 0.30
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Table 2. Natural gas composition

Component CHs | CO2 | N2
% mol 69.4] 1.39] 29.21

Table 3. Operational conditions of co-firing

Case description Case) Casgl Cage?

Coal consumption [kg/s] 8.24 7.82 7.00
Heat replacement [%] 0 5 15

Primary air volume flow rate [N#s] 14.48 13.76 12.31
and temperature [K] 378 378 378

Secondary air volume flow to burners [Ng} 25.96 24.66 22.07
and temperature [K] 603 603 603
Lower nozzles air volume flow rate [Nfa] 3.20 3.04 2.72
and temperature [K] 603 603 603
Air volume flow rate of OFA nozzles (front wall) [i¥/s] 6.00 6.87 8.61
and temperature [K] 603 603 603

Air volume flow rate of OFA nozzles (rear wall) [Nfs] 9.00 10.30 12.92
and temperature [K] 603 603 603

3. Results and discussion

The selected results @bmputational fluid dynamics (CFD) successful
simulations of the coal combustion (case 0) anctatdiring with methane
(case 1 and case 2) are shown in Figs. 2-8. Temperdistribution in the
boiler combustion chamber is illustrated in FignRile oxygen concentration
is given in Fig. 3. There is considerable inteneshe area-weighted values of
temperature and concentrations efadd NQ corresponding to the character-
istic heights in the boiler. They are shown in Figgs8. It follows from Fig. 2
that in both cases considered, the co-firing leadthe diminution of zone
with the temperature range 1600-1900 K at the OB2zles level. This re-
sults in reduced risk of high N@missions. It is also important that, the co-
firing process does not lead to high increase énaVverage temperature in the
top section of a combustion chambmympared with the coal combustion
(Fig. 7). This does not result in an increase wé fjas loss and means that, we
do not have to deal with the increase inNthissions due to additional for-
mation of thermal NQ The co-firing process does not introduce sigaific
changes in the operation of steam superheaterngtbahove y = 19 m.

The main burners region is characterized by a iéefay of oxygen
(A < 1). To establish complete burnout of coal, theosdary air is supplied
via nozzles located on the side walls in the bottewel of main burners re-
gion and OFA nozzles. In addition, such a solupeootects surfaces of com-
bustion chamber against excessive sulphur corramiuhprolongs the com-
bustion process by gradually supplying the air uel.f Next, the dedicated
nozzles delivering the natural gas and situated Inghom air nozzles (Fig. 1)
limit the oxygen distribution in the bottom regiohthe combustion chamber.
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Thereby, an enlarged substoichiometric zone prosnibte reduction of nitro-
gen oxides.
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Fig. 2. Temperature [K] distribution in the boileombustion chamber: a) coal combustion,
case 0; b) co-firing, case 1; and c) co-firing,ecas
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Fig. 3. @ [mole fraction] concentration in the boiler combas chamber: a) coal combus-
tion, case 0; b) co-firing, case 1; and c) co-{irinase 2
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Fig. 4. Area-weighted average values of temperatsre function of
furnace elevation y for coal combustion and itdidag with CHa
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Fig. 5. Average concentration ok@s a function of furnace elevation
y for coal combustion and its co-firing with @H

—8—case 0 —8—case 1l —®—case 2
—&—Burners 1 —&—Bumers 2 &— OFA
—@®— Natural gas nozzles

=
8

NO, mg/Nm? 6% O,
S
8

g

5 7 9 10 13 15 17 19
Height, m

Fig. 6. Area-weighted average values of Nfoncentration as a function of
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Let us observe that this effect is achieved aketmense of the increased
risk of the protection of the combustion chambeesos against high temper-
ature corrosion. It seems that for this reasonptiposed method of NQe-
duction can be applied to a limited extent. The gotational results (Fig. 8)
showed that, the indirect co-firing coal with the-fael with high content of
methane injected through additional nozzles addetivo walls at the height
of the bottom row of burners, can result in theuithn of NQ emissions
about 40 % compared with the coal combustion.
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Fig. 7. Area-weighted average values of temperature
on y = 19 m cross sections in the boiler combustion
chamber for: coal combustion, case 0; co-firingeca

1; and co-firing, case 2

a) b)

400 4

350 +

300 -+

250

NO, , mg/Nm?3 6%0,

200 -+

150 -

case 0 case 1 case 2 case 0 casel case 2

|va|ue 380 303 208 |value 3,6 3,6 33

Fig. 8. Average concentration of N@a) and @ (b) at cross-sections located at a height of
y =19 m in the boiler combustion chamber for: co@hbustion, case 0; co-firing, case 1; and
co-firing, case 2
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4. Conclusions

The computational tests of the co-firing coal wigtural gas in the com-
bustion chamber of the conventional OP230 boilahwow-emission front
burners and OFA nozzles were designed to deterthinbenchmark for com-
parative computer tests of indirect co-firing oftwith syngas derived from
wood- and agriculturally-based biomass and wastdymts. The preliminary
computational results showed that high content efhane injected through
additional dedicated nozzles can result in the idenable reduction of NO
emissions compared with the coal combustion. Itldidae interesting to de-
termine the relationship between the scale of duction and the co-fuel
type providing hydrocarbons to the combustion cheimim addition, the indi-
rect co-firing of the syngas with coal can be safeore efficient and more
environmentally friendly than direct co-firing. dannot lead to the increased
risk of the protection of the combustion chambeesis against high temper-
ature corrosion. Since co-combustion of methare-g@seous fuel with coal
translates into a high degree of Nf@duction, one should strive to conduct
a gasification process in gasifiers in such a wWet the syngas obtained is
characterized by the highest possible methane wor$eich a co-fuel should
be injected into the combustion chamber of theebdhrough dedicated noz-
Zles. It seems that, if the syngas has a low comtemethane, just before its
usage it should be mixed with natural gas. This wag can obtain the opti-
mum degree of reduction in nitrogen oxides indepeatig from the fuel uti-
lized in a gasification process. This postulaterse&o be reasonable, but re-
quires further detailed research.
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Streszczenie

W pracy przedstawiono wyniki symulacji obliczeniakyprzeprowadzonych w celu po-
réwnania spalania ¢gla ze wspoétspalaniem gazu ziemnegoegla w komorze paleniskowej
konwencjonalnego kotta pytowego OP230 wypaosego w niskoemisyjne palniki. Wykazano,
ze wspotspalanie ygla z paliwem o wysokiej zawadm metanu mge skutkowd 40% reduk-
cja zwigzkdw NOx w poréwnaniu ze spalaniem tylk@gla. Prezentowane wyniki celu mpg
by¢ wykorzystane w celu okékenia punktu odniesienia dla poréwnawczych warianb@da
komputerowych, w ktérych dodatkowym wspétspalanyativeem kzdzie gaz syntezowy po-
chodzenia rolniczego i pozyskany z biomasy drzewras odpadow.

Stowa kluczowe:wspétspalanie, kociot, spalanie niskoemisyjne

DOI: 10.7862/rm.2016.27

Otrzymano/received: 15.09.2016r.
Zaakceptowano/accepted: 14.11.2016r.



ZESZYTY NAUKOWE POLITECHNIKI RZESZOWSKIEJ 293, Mech anika 88

RUTMech, t. XXXIIl, z. 88 (4/16), pazdziernik-grudzien 2016, s. 347-359

Stanistaw NOGA!

ANALIZA DRGA N WEASNYCH PLYT
PIERSCIENIOWYCH Z OTWORAMI
MIMO SRODOWYMI

W pracy rozwaane g§ drgania wlasne poprzeczne plyt g@eniowych z nie-
ciaglosciami geometrycznymi w postaci otworéw przelotowyclkotnierza.
W procesie analizy wykorzystano megodlementéw skéczonych i badania
doswiadczalne. Wymagane obliczenia wykonano w komesayj programie
ANSYS. W analizie numerycznej stosowano modeledovgti powierzchnio-
we. Opracowane modele numeryczne zweryfikowanoerkspentalnie. W ba-
daniach déwiadczalnych stosowano najnowsze laserowe teclpukiiarowe.
Prezentowane wyniki bafladoswiadczalnych i symulacji numerycznych po-
twierdzap wyskpowanie zjawiska rozdzielenia waitd czestosci wrasnych
odnoszcych s¢ do postaci, w ktdrych liczb@&ednic weztowych jest krotnécia
liczby otworéw przelotowych. Prezentowana w pracgtadyka mae by po-
mocna irkynierom zajmujcym sk analiz drga uktadéw modelowanych pty-
tami kotowymi z mimdérodowymi otworami przelotowymi.

Stowa kluczowe:drgania poprzeczne, znieksztatcone formy wlasrajate z
cykliczng symetry

1. Wprowadzenie

Zagadnienia drgapoprzecznych ptyt kotowych i pi@ieniowych z za-
burzory geometra 53 przedmiotem zainteresowania wielu badacz§rodkdw
badawczo-rozwojowych [1, 2, 4, 6-8, 10, 12]. Wynikaz faktu,ze niektére
obrotowe czsci urzadzer (np. kota kolejowe, kotagbate, turbiny silnikow
lotniczych) mog by¢ rozwazane jako ptyty pigcieniowe o geometrii wyni-
kajacej z konstrukcji modelowanych uktadow [1, 3, 7]. Mv¥onografii [3]
przedstawiono ogéinteoric drgar poprzecznych ptyt kotowo-symetrycznych
z r&enymi przypadkami warunkow brzegowych. W pracach6[17, 10, 11]
analizowano drgania poprzeczne kébatych, modelowanych ptytami koto-
wo-symetrycznymi, stosgg metod elementdw skiiczonych (MES).

W publikacjach [5-11, 13] wykorzystano w&awosci cyklicznej symetrii
uktadéw (ptyt kotowo-symetrycznych, kéklaatych i innych) w procesie ana-

1 Autor do korespondencii/corresponding author: Staw Noga, Politechnika Rzeszowska,
al. Powstacow Warszawy 12, 35—-959 Rzeszéw, tel.: 178651639ad:-noga@prz.edu.pl.
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lizy ich drgax poprzecznych. Z kolei w pracach [2, 4, 12] analiano drgania
poprzeczne ptyt kotowych z xdymi przypadkami niejednorodém geometrii
(otwory przelotowe, dodatkowe péeienie, zgrubienia na obrzach itp.). Do
rozwigzania rowna drgah wykorzystano zaproponowane modyfikacje metody
elementéw brzegowych. W niniejszej publikacji rozese g drgania po-
przeczne plyt kotowo-symetrycznych z mignmdowymi otworami przeloto-
wymi. Praca jest kontynuagcjprac autora dotygzych numeryczno-ekspe-
rymentalnej analizy drd@apoprzecznych piyt z zaburzpgeometra [8, 11].

2. Sformutowanie zagadnienia

Jak wspomniano w przegizie literatury przedmiotu, uklady typu ptyty
kotowe kydz piercieniowe z ranymi przypadkami nieggtosci geometrycz-
nych (otwory i szczeliny mimwodowe, zgrubienia w postaci pieieni lub
piast, itp.) 8 wykorzystywane w procesie modelowania i analizyaftakich
uktadéw mechanicznych jak kotghmate, kota kolejowe, turbiny silnikéw lot-
niczych, itp. Zasadniczym celem niniejszej pracst jgaproponowaniezyi-
tecznej w zastosowaniachzymierskich metodyki analizy drggoprzecznych
ptyt kotowych z niecigtosciami geometrycznymi w postaci migrodowych
otworéw przelotowych, usytuowanych na zadanym pemimi. Na rys. 1
przedstawiono model geometryczny pezggo do rozwzan uktadu.

Rys. 1. Model geometryczny rozsemego ukfadu
Fig. 1. Geometry of the system under study

Podstawowe wymiary geometryczn&ednice, grubgci) i dane tech-
niczne rozwaanego ukladu podano w tab. 1. Model sktadazspiyty pier-
scieniowej z piefcieniem na obrzai i piecioma otworami mimgrodowymi,
wykonanymi na zadanym promieniu. Ksztatt analizoegmukiadu odnosi i
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do czsto spotykanych rozwzan konstrukcyjnych kot gbatych przektadni
lotniczych, gdzie w celu zmniejszenia wagi wykonsig otwory przelotowe
w tarczy kota.

Tabela 1. Parametry techniczne rozarsego uktadu
Table 1. Technical parameters characterizing teeesyunder study

dz dp dr dW dl hZ H w E

p
mm | mm | mm | kg/n? mm | mm mm
mm Pa

110.09, 98 62.7|7.8910°| 15.2 | 224 7 2.29 | 2.110" | 0.28

14

W procesie analizy wykorzystujeesimetod elementow skaczonych
i komercyjny program ANSYS. Analiza dynamiczna gxeina z wyznacze-
niem wartdci czstasci drgax wiasnych stanowi istotne ogniwo procesu pro-
jektowania konstrukcji (w szczegélsw w przemyle lotniczym). W praktyce
inzynierskiej identyfikag poszczegolnych estasci drgan wtasnych dokonu-
je sk na podstawie ksztattu odpowiaglajch im form wtasnych. W przypad-
ku piyty litej zadanie to nie stanowi zimnego problemu. Dla uktadéw o nie-
jednorodnej geometrii (np. ukfad z rys. 1), postagiegaj znieksztatceniu
w poréwnaniu do uktadu o regularnej geometrii. Velgacch [1, 7, 10] przed-
stawiono algorytm pozwalgy ustalé odpowiednié¢ miedzy formami drga
piyty litej i ptyty z mimasrodowymi otworami przelotowymi. Podeje to
stanowi atrakcyja z punktu widzenia zastosowanzynierskich, alternatyw
dla rozwgzan proponowanych w pracach [2, 4, 12]. Jednym z zaesagch
celow niniejszej pracy jest weryfikacja eksperynadma wynikOw rozwizan
numerycznych. Zgodnie z klasyezmeoriy drgar poprzecznych litych phyt
kotowych i piekcieniowych, dla kadego rozwizania, dla ktérego linie gv
zlowe tworz s$rednice wziowe, otrzymuje si dwa identyczne uktady pro-
stych weztowych, obréconych wzgtlem siebie ot [1, 3, 7]:

a =r(2n) (1)

gdzie: n - liczbasrednic weztowych.

Zgodnie z przyjtymi standardami w teorii ptyt kotowo-symetrycznych
[3], w niniejszej pracy poszczegdblneestici wlasne oznaczaesiprzezwmn
gdzie m odnosi s} do liczby okegow weztowych an to wspomniana wcze-
sniej liczbasrednic weztowych. Naley sic spodziewd, ze otwory przelotowe
spowoduj znieksztatcenie linii wztowych postaci wlkasnych dryaietnych.
Ponadto, dla niektérych przypadkéwesiéci, gdzie wysgpuja podwdjne
rozwigzania, pojawd sie¢ dwie r&ne wartgci i odpowiadajce im dwie posta-
cie wkasne o rinych ksztattach [1, 2, 4, 7, 12]. Dotyczy to rogzan, w kto-
rych linie weztowe tworz érednice wzlowe. W rozwaanym przypadku na-
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lezy si¢ spodziewd rozdzielenia warti dla czstasci wis | wzs. Zagadnienie
to zostanie omowione w dalszejeéai pracy. Jak& opracowanych modeli
numerycznych okia sk wyznaczajc blad wzgkdny czstasci, zdefiniowa-

ny zgodnie z zalaoscig [7]:

£=(w' - o) er x10d%] 2)

gdzie: o' —to czstas¢ wlasna z modelu numerycznego,
® — to czstas¢ whasna uktadu rzeczywistego.

Réwnanie (2) jest w literaturze przedmiotu nazywéne. bkdem czstcsci

[7].

3. Modele MES rozwaanych uktadow

W procesie budowy modeli MES rozi#smego ukiladu, wykorzystano
wiasciwosci cyklicznej symetrii uktadu. Zasadnicza atrakogjh polega na
wykorzystaniu w analizie drgareprezentatywnego segmentu, stancefo
fragment rozwaanego uktadu kotowo-symetrycznego. Pédiej takie pozwo-

li na znaczne zmniejszenie rozmiaru modeli MES kyignos¢ tego rodzaju
modeli w poréwnaniu do petnych modeli oméwiono gegrw pracach
[5, 7, 9-11, 13]. W rozwanym przypadku do opracowania modeli z cyklicz-
na symetry wykorzystuje si segment (rys. 2a) stanay jedry piata czes¢
modelu uktadu z rys. 1.

Rys. 2. (a) model z cyklicarsymetri, (b) pierwszy model MES, (b) drugi model MES
Fig. 2. (a) cyclic symmetry model, (b) first FEM d®, (c) second FEM model

Dane techniczne analizowanego uktadu podano wltaRozwaane g
dwa modele MES piyty. Pierwszy model MES (brylovegracowano z wy-
korzystaniem elementu brytowego czwarennego (solid187), dziesiowe-
zlowego o trzech stopniach swobody wzdkgm wezle. W drugim modelu
MES (powierzchniowy) zastosowano element powierizmlip osmiowezto-
wy (shell281) o szeiu stopniach swobody w kdym wezle. W procesie na-
ktadania siatki w poszczegolnych modelach wykoiayststandardowe pro-
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cedury programu ANSYS. W przypadku pierwszego modeadtazono, ze
dtugas¢ krawedzi elementu nie przekracza 2.3 [mm], co stanowiasé row-
na grubdci cienszego obszaru piyty (tab. 1). Model ten zawieral3dlémen-
téw brytowych. W drugim modelu MES przyp, ze dluga¢ krawedzi ele-
mentu na obrzach ciata wynosi okoto 2 [mm]. Model nr 2 zawierkd4ele-
mentéw powierzchniowych. Wygenerowane modele pakazaa rys. 2b-c.
W opracowanych modelach wygptije dwa rodzaje warunkoéw brzegowych.

Rys. 3. Warunki brzegowe: (a) model z cykligaymetry, (b) mo-
del po rozwingciu

Fig. 3. Boundary conditions: (a) cyclic symmetry rahdb) ex-
panded model

Pierwszy rodzaj warunkow brzegowych wynika z uwdgienia wigci-
wosci cyklicznej symetrii i § nakladane systemowo (automatycznie przez
stosowne procedury programu ANSYS). Drugi rodzajuni&dw brzegowych
wynika z przewidywanego mocowania ukladu w ekspenycie pomiaro-
wym. W tym przypadku warunki brzegowe uwedjhiajgce mocowanie nato-
zono na vezty. W kazdym modelu wztom lezagcym na powierzchni oznaczo-
nej mocowanie(rys. 3a-b) odebrano stopiswobody zwizany z przemiesz-
czeniem wztéw wzdtw osi symetrii osiowej kalego modelu. Warto podkre-
$li¢, ze liczba elementdw modelu brytowego MES jest poogdiokrotnie
wicksza w poréwnaniu do liczby elementéw modelu pordbniowego MES.

4. Analiza dawiadczalna

W niniejszym rozdziale omoéwiono badanias@adczalne przeprowa-
dzone w celu weryfikacji zaproponowanych modeli M&@&adu i metodyki
zZwigzanej z oznaczaniem zdeformowanych otworami postayz wlasnych
poprzecznych ptyty. W pewnym ograniczonym zakrésidania te prezento-
wano w pracach [6, 8]. W dwiadczeniu wykorzystano uktad pomiarowy
Polytec (rys. 4), sktadagy s z wibrometru laserowego PSV-400, systemu
przetwarzania danych Polytec DMS DATA MANAGEMENT SYEM,
czujnikéw piezoelektrycznych NOLIAC typu CMAPO3, (W06, wzbudnika
elektrodynamicznego TIRAvib5200 oraz generatoranayigtypu TGA12101
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firmy Textronics. Eksperyment pomiarowy zaplanowangrzeprowadzono
tak aby zidentyfikow& czstasci wiasne odpowiadage formom wiasnym
drgax poprzecznych rozwanych uktadéw. Na potrzeby eksperymentu wyko-
nano cztery obiekty o geometrii pokazanej na rys.stednicach otworéw
przelotowychd; podanych w tabeli 2. Wymiary geometryczne i daraenia-
towe wykonanych uktadéw zamieszczono w tabeli 1.

Rys. 4. Eksperyment pomiarowy
Fig. 4. The measuring experiment

Tabela 2Srednice otwordw przelotowych
Table 2. Diameters of the through holes

n 1 2 3 4
di mm 0 7.28 15.68 22.4

Obiekty pobudzano sygnatem harmonicznym i ¢@age w pamie
20-30 [kHz] szumem losowym (anBseudo RandomNa powierzchni ka
dego obiektu ustalono sigtkpunktéw pomiarowych. Dla poszczego6lnych
obiektow liczba przyjtych punktéw pomiarowych mieita sk w zakresie od
500 do 1000. W kalym takim punkcie mierzono odpowiedkiadu w kie-
runku poprzecznym wibrometrem laserowym. Wagitevzbudzonych i ziden-
tyfikowanych cestotliwosci drgan wtasnych poprzecznych, omawianych
obiektow, zamieszczono w tabelach 3-6.

Tabela 3. Cgstotliwosci drgar wkasnychwmn [Hz] (wyniki bada, ptyta petna)
Table 3. The natural frequenciesn [Hz] (research results, the solid plate)

"o 1 2 3 4 5 6 7 8
8242 | 5156| 14568 4051 77047 1223135328 23437.5 29867.2
5146.9| 58781 7637.6 10921.95026.6 19984.4 254102 - -
13736 | 14132.817828.1 21894.5 27578 | - - - 5

w(n|~(3
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Tabela 4. Cgstotliwoici drgar wkasnychwmn [Hz] (wyniki bada, ptyta z otworami drednicy
di = 7.28 [mm])

Table 4. The natural frequenciesm [Hz] (results of investigations, the plate withld®
diamaterds = 7.28 [mm)])

Ao 1 2 3 4 5 6 7 8

1 | 7805 | 4438 14414 4014]5 7632.8 12125 1732B3097.7 29289.1
2 | 4800.6| 5330.d 72536 10425 144411%21615:1 241719 - ;

3 | 13052 | 13412.616386.7 20722.7| 26191.4 - - - -

Tabela 5. Cgstotliwoici drgar wkasnychwmn [Hz] (wyniki bada, ptyta z otworami Grednicy
di1 = 15.68 [mm])

Table 5. The natural frequenciesn [Hz] (results of investigations, the plate withldediame-
terdi = 15.68 [mm])

oo 1 2 3 4 5 6 7 8
1 | 7406 | 490.6] 14254 4000]8 7581.3 120741183.6 22695.3 280234
16859.4
q - -
2 | 4859.4| 56188 70742 10489140328 00>> 7 230507
3 | 11860.9 12203 | 14953 19171)24304.7 - : - -

Przy identyfikacji postaci ptyty z otworami, pomachyty wyniki otrzy-
mane z modeli MES obiektéw (omowione w r@slym rozdziale). Istotna
w tym przypadku byta znajomdé deformacji ksztattu postaci z powodu otwo-
réw przelotowych. W przypadku €ztaici wis i w2s dla ptyt z otworami ziden-
tyfikowano po dwie postacie wlasne angm ksztalcie i rénych wartdciach
odpowiadagcych im czstasci. Wyniki te potwierdzaj wczeniejsze spostrze-
zenia zawarte w pracach [4, 12] nt. rozdzieleniat@sar czestasci wiasnych,
odpowiadajcych postaciom, ktorych liczb@&ednic wezlowych stanowi cal-
kowitg krotnci¢ liczby otwordéw przelotowych.

Tabela 6. Cgstotliwoici drgar wkasnychwmn [Hz] (wyniki bada, ptyta z otworami Grednicy
di = 22.4 [mm])

Table 6. The natural frequenci@sn [Hz] (results of investigations, the plate withléediame-
terd: = 22.4 [mm]).

n

o 0 1 2 3 4 5 6 7 8
411885.9
1 716.8 | 409.4| 14242 4000{4 7647 '%2265 6 17480 | 22988.329117.2
2 | 5276.6| 5868.8 7278.1 1246().95085.9 17707 22914.1 - -
) ) ) ’ 71 21703.1 )

3 11923 | 12565.615134.4] 19410.2 24898.4 - - - -
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5. Analiza numeryczna

Dla zdefiniowanych wczmiej modeli MES prowadzono obliczenia, wy-
Znaczajc czstasci wkasne i odpowiadage im postacie drgawtasnych po-
przecznych. Dla wszystkich badanych obiektéw oprecwm modele MES
zgodnie z zasadami omowionymi w rozdziale 2. Agajfirowadzono w sze-
rokim zakresie agstotliwosci, gdzie gorna granica odnosg slo czstotliwo-
sci wlasnejwis, Zwigzanej z émioma srednicami wztowymi postaci gitej.
Przy identyfikacji niektorych postaci konieczne dytosowanie algorytmu
ustalania odpowiednéoi migdzy formami drga ptyty litej i ptyty z mimasro-
dowymi otworami przelotowymi, ktéry oméwiono w peath [1, 7, 10]. Wy-
niki z analizy MES (formy wtasne) poréwnano wizuala rezultatami bada
doswiadczalnych. Podobnie jak poprzednio, w obu praggah modeli MES
plyt z otworami, zauwa sk rozdzielenie wartei dla czstotliwosci wia-
snychwis i w2s. Kazdej z wartéci odpowiada inna postavtasna. Z powodu
ograniczé wydawniczych, w tab. 7-12 zamieszczono jedynig¥iczstasci
(2), wyznaczone dla poszczegélnych modeli MES uddadv przypadku pty-
ty pelnej i ptyty z otworami drednicyd; = 22.4 [mm] dla obu modeli, w po-
zostatych przypadkach ptyt jedynie dla modelu pozdkniowego).

Tabela 7. Bid czstdici emn [%)] (plyta petna, poréwnanie wynikdéw bada wynikami obliczé
numerycznych, model brytowy MES)

Table 7. The frequency erremn [%] (solid plate, comparison of the results ofédatigations
with the results of numerical calculations)

oo 1 2 3 4 5 6 7 8
033 | 13.77| 44| 128 072 053 02 011 01
58 | 201 | 185| -047 -038 -1.14 1.1 - -
429 | 768 | 024| 1.14] 058§ - : :

=

-~

(.».)I\)I—‘3

Tabela 8. Bid czstdici emn [%0)] (plyta petna, poréwnanie wynikdw bada wynikami obliczé
numerycznych, model powierzchniowy MES)

Table 8. The frequency erremn [%] (solid plate, comparison of the results ofdatigations
with the results of numerical calculations, FEMIshmdel)

"o 1 2 3 4 5 6 7 8

037 | 1323 424| 119 06| 036 -0d
54 | 162 | 161| -055 -044 -120 14
20 | 719 | 043 038] -0.21 - -

[y
o
N
w
'
o

55
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Najlepsze rezultaty zauwa skt w odniesieniu do modeli MES piyty litej.
W obu przypadkach modeli MES piyty zausisse podobne wartai bteddw
dla poszczegoélnych egtdsci. Nieznacznie korzystniej wypada model po-
wierzchniowy MES (jedynie dlasmiu z dwudziestu jeden egtasci, biedy
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czgstasci 3 nieznacznie wksze w porownaniu do wynikéw modelu bryto-
wego, w pozostatych przypadkach mniejsze). Wyni&dalowania MES pty-
ty litej mozna uzna za satysfakcjonage.

Tabela 9. Bid czstasci emn [%)] (plyta z otworami arednicyd:s = 7.28 [mm], poréwnanie wy-
nikow bada z wynikami obliczé numerycznych, model powierzchniowy MES)

Table 9. The frequency erresn [%)] (the plate with holes diametdr = 7.28 [mm], comparison
of the results of investigations with the numericalculations, FEM shell model).

oo 1 2 3 4 5 6 7 8

1 | 46 | 306 | 506] 209 136 097 087 082 073
2 | 1012| 11.02| 6.04| 323 25 3:‘3'? 2.2 - -

3 | 842 | 11.73| 6.76| 422  3.02 - - - -

Tabela 10. Bid czstaici emn [%] (ptyta z otworami csrednicy di = 15.68 [mm], poréwnanie
wynikéw bada z wynikami obliczé numerycznych, model powierzchniowy MES)

Table 10. The frequency errasn [%] (the plate with holes diametédr = 15.68 [mm], compari-
son of the results of investigations with the ressaf numerical calculations, FEM shell model)

oo 1 2 3 4 5 6 7 8
1 | 678 | 1384 558 213 184 148 18 144 2.5
2 | 1316| 771| 935 587 5.08 24_'957 5.48 - -
3 | 1254| 149| 943| 665 6 - - - -

Tabela 11. B{d czstoici emn [%] (plyta z otworami cérednicy di = 22.4 [mm], poréwnanie
wynikéw bada z wynikami obliczé numerycznych, model brytowy MES)

Table 11. The frequency errafn [%)] (the plate with holes diametdr = 22.4 [mm], compari-
son of the results of investigations with the ressaf numerical calculations, FEM solid model)

n
- 0 1 2 3 4 5 6 7 8
1.43
1 | 361 | 2692 516 223 21§ '} 242 | 156 | 1.88
2 | 1029| 852| 652 439 404 5'2‘2‘ 755 ; ;
3 | 1084 | 1052| 881 652 5.4 - - - -

Tabela 12. Bid czstdsci emn [%] (plyta z otworami cérednicy di = 22.4 [mm], poréwnanie
wynikéw bada z wynikami obliczé numerycznych, model powierzchniowy MES)

Table 12. The frequency errafn [%)] (the plate with holes diametdr = 22.4 [mm], compari-
son of the results of investigations with resuftawmerical calculations, FEM shell model)

n 0 1 2 3 4 5 6 7 8
m
1.27
1 3.43 26.23 4.96 2.12 2.01 0.83 2.16 1.21 1.47
2.06
9.88 8.05 6.11 4.25 3.81 336 7.2 - -
3 10.08 9.69 7.71 5.43 4.15 - - - -
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W przypadku ptyt z otworami wynikigssmniej korzystne w poréwnaniu
do poprzednio omawianych, ale takmana zauway¢ w obydwu przypad-
kach modeli MES ptyt podobne wastd bledow odnoszcych seé do poszcze-
golnych czstdsci (tab. 11-12).

Podobnie jak poprzednio w tym przypadku piyt, keteyej wypada mo-
del powierzchniowy MES (dla wszystkichestasci wkasnych bidy czstdsci
modelu powierzchniowega snniejsze od stosownychgbldéw z modelu bry-
towego). Atrakcyjniejszym wydaje gsby¢ model powierzchniowy MES ukta-
du. Na rys. 5-8 pokazano wybrane postacie irgéasnych poprzecznych
otrzymane z badanych obiektéw i rozman MES. Ksztalty zidentyfikowa-
nych w eksperymencie form nig &k regularne jak otrzymane z rozwan
MES, ale wystarczago rozpoznawalne i zadowajag.

Rys. 5. Postacie drgaodpowiadajce czstaici wis: (a-b) model po-
wierzchniowy MES, (c-d) badania eksperymentalne

Fig. 5. Vibration modes related to frequeney: (a-b) FEM shell mod-
el, (c-d) experimental investigations

Rys. 6. Postacie drgaodpowiadajce czstaici wie. (a-b) model po-
wierzchniowy MES, (c-d) badania eksperymentalne

Fig. 6. Vibration modes related to frequeney: (a-b) FEM shell model,
(c-d) experimental investigations

Rys. 7. Postacie dr@jaodpowiadajce czstosci wzs. (a-b) model po-
wierzchniowy MES, (c-d) badania eksperymentalne

Fig. 7. Vibration modes related to frequeney: (a-b) FEM shell model,
(c-d) experimental investigations
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Rys. 8. Postacie dr@jaodpowiadajce czstasci wi7: (a-b) model powierzch-
niowy MES, (c-d) badania eksperymentalne

Fig. 8. Vibration modes related to frequenoy: (a-b) FEM shell model,
(c-d) experimental investigations

W dalszej kolejnéci omowione zostanrezultaty bad& numerycznych
i doswiadczalnych odnogeych sé do proponowanej w pracach [1, 7, 10]
procedury pozwalagej ustalt odpowiednié¢ miedzy formami drga ptyty
litej i ptyty z mimasrodowymi otworami przelotowymi. Wyniki te omowimy
na przyktadzie form wtasnych odnasgch st do czstasci wlasnejw2s. Na
rys. 9-10 pokazano postacie wlasne otrzymane z Impdeierzchniowych
MES i eksperymentu dla czterech obiektowrednicach otworéw przeloto-
wychd; (rys. 1) zmieniajcych s¢ zgodnie z tab. 2.

Rys. 9. Postacie dr@laodpowiadajce czstasci w2s (a-b) model po-
wierzchniowy MES, (c-d) badania eksperymentalne

Fig. 9. Vibration modes related to frequenay: (a-b) FEM shell model,
(c-d) experimental investigations

Rys. 10. Postacie dryadpowiadajce czstasci wze. (a-b) model powierzch-
niowy MES, (c-d) badania eksperymentalne

Fig. 10. Vibration modes related to frequenays: (a-b) FEM shell model,
(c-d) experimental investigations

Otwory przelotowe powodgjdeformacg linii weztowych. Jest to zauwa-
zalne zarbwno w rozwraniach MES jak i w wynikach ba@laaswiadczal-



358 S. Noga

nych. Podobnie jak w poprzednio omawianych przypabk zauwza st
znaczne podobfstwo odpowiadajcych sobie form otrzymanych z rozmen
MES i eksperymentu. Zaréwno wyniki roz@an MES jak i rezultaty bada
doswiadczalnych pozwalajprzeledzic deformacg linii weztowych z powodu
nieciggtosci geometrycznych badanych obiektéw. Warto podkieze oma-
wiane badania prowadzono w szerokim zakresigstodiwaosci (400-30000

[Hz]).

6. Uwagi i wnioski

W pracy rozwaane g zagadnienia drgapoprzecznych piyt kotowo-
symetrycznych z zaburzgmeometri. W procesie analizy wykorzystano me-
tode elementéw skaczonych oraz badania ¢l@iadczalne. Rozwano piyty
pierscieniowe z niegigtosciami geometrycznymi typu otwory przelotowe oraz
zgrubienie obrze ptyty. W badaniach symulacyjnych stosowano molgfe
towe i powierzchniowe MES. Korzystniejsze wynikigtly czstasci, rozmia-
ry modeli) uzyskano w przypadku stosowania mode@iviprzchniowych
MES. Prezentowane badania symulacyjne swiladczalne potwierdzity wy-
stepowanie opisanego w literaturze przedmiotu zjawrskalzielenia warkei
czestasci wlasnych, odpowiadagych postaciom, ktorych liczbaednic we-
ztowych réwna jest krotrigi liczby otworéw przelotowych. Z punktu widze-
nia zastosowa inzynierskich, zaproponowana w pracy metodyka analizy
drgaa uktadow kotowo-symetrycznych z zaburzogeometri, stanowi atrak-
cyjng alternatyve dla dos¢gpnych w literaturze rozwkar numerycznych
omawianych zagadnie Zasadnicza atrakcyj&® wynika z zastosowania
w procesie analizy komercyjnego oprogramowania ASSY
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FREE VIBRATION ANALYSIS OF ANNULAR PLATES WITH
ECCENTRIC HOLES

Summary

This paper discusses the free transverse vibratibttse annular plates with the geomet-
rical discontinuities in the form of eccentric holand rim. The finite element method and the
experimental studies are employed. The commerd®$¥S software is used in the numerical
calculations. The solid finite element models amel ghell finite element models are used in the
analysis. During the experimental tests the ldtestr measurement technigues are used. Dis-
cussed in this paper the numerical and experimeesalarch confirm the existence of the phe-
nomenon of dividing natural frequency values cqroesling to the mode shapes where the
number of nodal diameters is a factor of the nunabéhrough holes. Presented method of the
analysis of transverse vibrations of annular platigh eccentric through holes may be useful
for engineering applications.
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COMPARABLE ANALYSIS OF AN
INVESTIGATION OF BIOMASS ENERGETIC
PROPERTIES

This paper presents the comparable analysis ofntiestigation of energetic
properties of two types of biomass. The research mwade on the manual and
semi-automatic oxygen-bomb calorimeter KL-12Mn. Hasic energetic prop-
erties include calorific value and heating valuelcGlations were made accord-
ing to the PN-ISO 1928 standard. The research veaterfor basket willow and
paulownia tomentosa samples. To determine the average value of eaeimea
ter samples of each kind of biomass were reseatrttiied times on both devic-
es, which increased the accuracy of methods. Thermso includes the uncer-
tainty analysis.

Keywords: biomass, calorific value, bomb calorimeter, engcgproperties,
basket willow,paulownia tomentosa

1. Introduction

Biomass fuels represent the main group of renewsdileces of energy,
both in Poland and the European Union. Prevaldatinathis group represents
solid biomass, which is considered to be the edcddly clean alternative for
coal. This group also includes forest, wood andm@gmic waste products.
There are many benefits connected with biomasgzation. It concerns most-
ly ecological issues due to no €@missions connected with combustion of
biomass. It should be marked that biomass is orthefcheapest and com-
monly available source of renewable energy. To (@jae this method of
generating heat power the possibility of combinimgmass and coal to com-
bust in traditional power plants should be mentibridowever home market
of biomass is more diversified. This may resultrirthe inappropriate quality
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3 Sebastian Grosicki, Politechnika Rzeszowska, e-rpallogr@prz.edu.pl
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of received material and its seasonal availabiltgnsidering that, the idea of
energetic plants cultivation seems to be the optsnktion for this problem.
Energetic plants include special types of pererpiats, which are character-
ized by very fast annual weight growth. Their aidtidl advantage includes
cultivation of exhausted soils, which is in fact the method ofriorpg the
soil condition by supplying organic substances. Bdays, beneficial energet-
ic properties cause that the energetic plants beamare popular in energy
industry. The basic criteria concerning the evatuabf energetic properties
of all kinds of fuels are calorific and heating w@$. The paper presents the
results of the experimental investigation of cdlodnd heating values of two
kinds of energetic plants. The analysis was madetigps of basket willow,
which is the most popular and widely used energ#tiot, because of its ben-
eficial features. The other type of biomass ares loppaulownia tomentosa,
which recently have become the subject of studgriergetic applications.
Over recent years this plant was used in furnitodestry and gardening. But
now it is also used as energetic plant due to coaty properties with typical
energetic plants, i.e. basket willow. Research |IbEamples were made on
manual and semi-automatic bomb calorimeter. Basiciple of operation of
both devices is similar. Also, the method of theparation of the fuel sample
and the bomb before measurements is the samerfijeRies of investigated
fuel both calorific and heating values are cal@dabn the basis of the test
results. The temperature is measured with a prewgeury thermometer with
accuracy of 0.C°C. For semi-automatic calorimeter, the calorifitueais cal-
culated automatically when the measurements aighéd. The result is dis-
played in the dialog box of the program. Temperataeasurement is realized
also by control program. This eliminates any exaemfluence on the process
and the possibility of its potential correction. yAdeviations from the as-
sumed conditions are automatically signaled anglalygd on the computer
screen, but without giving any information abostatigin. Also, the specifi-
cations of temperature sensors are unknown. Coeadyguit can be noticed
that both methods differentiate the way of tempeesatneasurement and the
way of obtaining results. So, the necessity of Iteseerification and its re-
peatability is required. Each of fuel sample wasag three times. The method
of obtaining of the calorific value was based onIBi® 1928 standard. Calcu-
lations of the heating value were made for gerseahentary content of wood
biomass because of the impossibility of the balements content determina-
tion. Because of research limitations it was assuthat the percentage con-
tent of elementary matter is compatible with théoa¢ values. The summary
contains the comparison of the results obtainech footh devices. The uncer-
tainty analysis was made for manual research sesbDiktermination of the
measurements uncertainty for semi-automatic metraxlimpossible.
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2. Calorimetric method of determining
the energetic properties of solid fuels

The aim of the investigation of the energetic props of fuels during
calorimetric method is burning the fuel sample ibanb calorimeter filled
with compressed oxygen and then measuring an iperefathe temperature of
water inside the calorimetric vessel. The calonfdue is the quantity of heat
which is released during the process of combusifocomplete unit mass of
solid fuel in the presence of oxygen. It is assuithed the end-gas products of
the reaction are oxygen, nitrogen, carbon dioxaldfur dioxide, and water
formed by the reaction of hydrogen and oxygen aonathin the fuel sample
are not condensed. The heating value is describ&dgically as the calorific
value, except that water contained in exhaust gasésn the fuel sample be-
fore combustion, is completely condensed. The hgatalue of the fuel is
guantitatively smaller than its calorific value. elldifference represents the
heat of water vapor condensation. The calculat@nthe calorific value are
based on the thermal balance method. Assumingthigaiprocess is non-
adiabatic the general equation describing the if@lmalue of fuels is in the
form [2]:

_K'[(T1_T)_k1]_k2 (1)
B m

%a

where W - the calorific value in analytical state J/kg,
K - calorimeter heat storage capacity, J/K,
T - the last reading of temperature in initial stéte

T, - the last reading of temperature in main state, K
ki - heat transfer correction, K,

k. - additional thermal effects correction, J

m - fuel sample weight, kg.

For semi-automatic calorimeter, the calorific valse€alculated by using
the following formula [3]:

_C(Di-k)—c
- m (2)

where: Qs - the calorific value, J/g,
C - calorimeter heat storage capacityc,J/
D: - general temperature rise during main periGd,
k=05[02-(T,—-T)+02-(T,—T3)]+02-(n—1)- (T, — T3) - heat
transfer correction, K,
¢ - the sum of additional thermal effects correctibn

Qs
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Calculations of the heating value require elemeatellysis of the fuel,
especially the hydrogen content in the fuel sanapi@ its total moisture con-
tent. For fuel samples in operating state the hgatalue during manual re-
search is described as follows:

W] =W —2453,5- (8,84 h" + w[) 3)

where: W] — the heating value in operating state, J/kg,
W — the calorific value in operating state, J/kg,
h" — weight concentration of hydrogen in fuel sample, %
w/} — total moisture content, %.

Calculations of the heating value for fuel sampl@perating state during
semi-automatic method is accomplished in the cérgrogram, where the
fuel's physicochemical properties should be enténegroper columns. The
heating value can be calculated by using the faamul

_ 100 - W,
7100 — W,

where: W, — total moisture content, %,
W, — percentage moisture content in analytical fuelgan®so,

Qiq — the heating value in analytical state, J/kg,
P — water heat of evaporation in 25°C, J/g.

' (Qia + P(Wa)) - P(Wy) (4)

Heat storage capacity of the calorimeter must beyasd every time be-
fore using it for further research. Heat capadtylbtained by burning the cal-
orimeter standard (commonly benzoic acid is usédgn the transformation
of equation (1) with respect t allows the calculations of calorimeter’'s heat
capacity. The conditions under which the testindheft capacity take place
must be maintained during each measurement.

3. Experimental stand for manual and semi-automaticalori-
metric research

Figure 1 presents the semi-automatic test statibrchwis used in the
Department of Thermodynamics and Fluid Mechanidh@iRzeszow Univer-
sity of Technology. The real view of the bomb catwter is shown in Figure
2 [1]. General calorimetric setup consists of thepjacket of the calorimeter,
thermally isolated calorimetric vessel and bomlbigaleter immersed in the
vessel. All components are arranged concentricadlyminimize thermal
effects. Mechanical mixer provides the temperatumdgormity. One of the
most crucial stage during pre-operating procedigdbe proper fuel sample
preparation which depends on the fuel’s state gfegation.
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Fig. 1. Semi- automaticbomb calorimeter: Fig. 2. Bomb calorimeter: 1 - screw plug,
1 - calorimeter's envelope, 2 - bomb calorime? - electrodes, 3 - nut, 4 - measuring vessel
ter's outer jacket, 3 - data acquisition system

Preparation of biomass fuel samples should be dbrectly before
measurements. Previously prepared samples showdtbie in the pressure-
tight container. As far as the solid biomass isceoned it should be disinte-
grated first. Fuel weight should be with a rang®@&-1.2 g and this amount
should be equal during each subsequent measureifi@at.guarantees the
temperature rise of 1.8-3.0 K. Next the fuel samiplpressed to a form of
a pellet in the hand press. The whorled middle pai0 cm resistance wire is
located inside the pellet before pressing. Theepelith the wire as well as the
wire itself should be weighed on analytical balarfidgen the prepared sample
is attached to electrodes inside bomb’s head Inghuling the prominent ends
of the wire with contracting collet&fterwards, the bomb is filled with com-
pressed oxygen. Calorimetric vessel should bedfiile with water. The
amount of water should be about 270C.chhis amount ensures that the elec-
trode in the bomb’s head can slightly stick out\abthe water surface. This
allows the connection between electrode and igniwires. Next, the calo-
rimeter jackets can be closed and the mixer caachieated. When the ther-
mal conditions become stable, the ignition of thengle can be started and
temperature of water in the vessel should be d=leds far as the semi-
automatic calorimeter is concerned, preparatiothefbomb and fuel sample
proceeds analogically. The measurement processigsmsed on the registra-
tion of the representative temperature of the tlaétmalance, which are next
converted into the numerical form. The relatiorwssn the variation of tem-
perature with time is presented graphically in anf@f a diagram, which is
displayed in the dialog box in the duration of &x@eriment. Data acquisition
system determines itself the moment of readingéehgperature difference as
well as the moment of ignition and the measuremeonspleteness. The calo-
rific value is then calculated by using the progeplication icon.
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4. Calculation results

The fuel samples were weighed on the laboratorgriza with the accu-
racy of 1 g. Moisture content was prescribed by means atrelgic labora-
tory moisture analyzer. Due to the lack of posiied in determining the ele-
mental analysis of researched fuels required fatihg value calculations the
elementary content of wood biomass was used (THblEhe uncertainty lim-
its were obtained using the exact differential rodthThe results of measure-
ments of weight and moisture content for willow gées are presented in Ta-
ble 2. The calculations results are presentedqonesgce in Tables 3-7. Table 3
and Table 4 contain the comparison of manual and-aatomatic research
results. The results of measurements of weight @wedsture content for
paulownia tomentosa samples are presented in Table 5. Tables 6 andtd@in
the comparison of manual and semi-automatic reseasuilts.

Table 1. Elementary content of wood biomass [4]

Elementary content of matter, % d.m
carbon hydrogen oxygen nitrogen sulphur
48.15 5.87 44.75 0.03 0.00
Approximated content of dry matter, % d.m
combined carbon volatile matter ash
18.52 81.02 1.20

Table 2. Weight of willow samples and its relatiuamidity

Fuel sample mass in manual Fuel sample mass in semi-| Relative
measurements automatic measurements | humidity
-10° kg -10° kg %
1.26768 1.3669
1.30686 1.3514 6.62
1.38276 1.2981

Table 3. Comparison of research results of calovdice for basket willow

Calorific value obtained during Calorific value obtained during
Number of trial manual measurements semi-automatic measurements
kJ/kg kJ/kg
1 16 021 + 204 18 302
2 15227 +198 18 633
3 17 337 +£187 17 626
Mean value 16 195 18 187
Standard deviation of 615 280.5
mean
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Table 4. Comparison of research results of heatigevfor basket willow

Heating value obtained during Heating value obtained during
Number of trial manual measurements semi-automatic measurements
kJ/kg kJ/kg
1 13525 16 980
2 12 784 17 310
3 14 754 16 300
Mean value 13 687 16 863

Table 5. Weight opaulownia tomentosa samples and its relative humidity

Fuel sample mass in| Fuel sample mass in semi-Relative humidity
manual measurements automatic measurements of fuel sample
-10° kg 103 kg %
1.29283 1.3170
1.36382 1.3200 6.91
1.39227 1.2626

Table 6. Comparison of research results of calovdice forpaul ownia tomentosa

Calorific value obtained duringCalorific value obtained during
Number of trial manual measurements | semi-automatic measurements
kJ/kg kJ/kg

1 16 900 + 200 18 523

2 17 231 +190 18 268

3 16 063 + 186 18 533
Mean value 16 731 18 441
Standard deviation of mean 348 87

Table 7. Comparison of research results of heatihgevforpaul ownia tomentosa

Heating value obtained during Heating value obtained during
Number of trial manual measurements semi-automatic measurements
kJ/kg kJ/kg

1 14 290 17 189

2 14 598 16 934

3 13510 17 196
Mean value 14 133 17 106

5. Summary

The aim of this study was the comparable analyfs&nergetic properties
of basket willow angaulownia tomentosa samples. Measurements were per-
formed on manual and semi- automatic bomb caloemétor basket willow
andpaulownia tomentosa samples the average heating values obtained during
manual and semi-automatic measurements are resggctil3 687 kJ/kg,
16 863 kJ/kg, 14 133 kJ/kg and 17 106 kJ/kg. Thegmage difference be-
tween the results obtained from both devices isiafh6%. Received results
are classical values for solid biomass and theywsbertain repeatability,
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however there are some differences which may stidgesoverstatement of
the results obtained from semi- automatic calometr understatement re-
sulting from manual calculations. Due to similamtidity of both researched
plants, the difference is mostly connected with sneiag method. The calo-
rimetric method is susceptible to following errors:
- the variation of ambient temperature and instabdit thermal conditions,
which increase the non-adiabatic character of thegss,
- too high temperature difference between outer jiaakd calorimetric ves-
sel, too late ignition of fuel sample or its incdetp combustion,
- differences in tested fuel samples mass,
- the lack of elemental analysis of fuel samples thiedfact of not including
the effect of creation the nitric acid and sulfuaad.

Errors arising during the calorimetric measurementsmostly connected
with human fault. This effect is observable in malmesearch. Reading tem-
perature from mercury thermometer is the potestalce of errors in manual
measurements. However, this effect can be easiteced, i.e. by adapting
magnifier. It can be assumed that the reductiohurhan sources of errors
would improve the accuracy of the manual caloriroetrethod. As far as the
semi-automatic calorimeter is concerned, the esibmaf potential sources of
errors is unknown because of the lack of infornmatié the temperature sen-
sors types and its specifications. Therefore, it ba stated that despite the
reducing human factors the measurement accuratyetilbe improved sig-
nificantly. It is caused by the computational cohof the process and the lack
of human influence within the process.

Despite the presence of many factors affectingattmiracy of the pro-
cess, the calorimetric method is classified asafrtbe most accurate and pre-
cise method in thermal engineering.

References

[1] Tychanicz M.: Badania wiagiwosci energetycznych paliw statych - analiza po-
réwnawcza wynikdw pomiaréwecznych i pétautomatycznych, praca magister-
ska, Rzeszow 2015.

[2] Norma PN-ISO 1928: Paliwa state. Wyznaczanie cispllania metagdspalenia
w bombie kalorymetrycznej i obliczenie waitoopatowe;.

[3] Instrukcja obstugi kalorymetru KL-12Mn, PRECYZJABI
[4] Wandrasz J.W., Wandrasz A.J.: Paliwa formowanepdiwa i paliwa z odpa-

déw w procesach termicznych, Wyd. Seidel-Przywe8gi z o0.0., Warszawa
2006.



Comparable analysis of an investigation of bionemsrgetic properties 369

ANALIZA POROWNAWCZA BADA N WLA SCIWO SCI
ENERGETYCZNYCH BIOMASY

Streszczenie

W pracy zawarto anakzporéwnawcz wiasciwosci energetycznych dwodch rodzajow
biomasy statej, wyznaczonych przy pomocy kalorymetitznego oraz poétautomatycznego
KL-12Mn. Do podstawowych wigiwoséci paliw stalych, ktére zostaly wyznaczone, nale
ciepto spalania i warté opatowa, ktérych obliczenia zostaly przeprowadzogednie z norm
PN-ISO 1928. Analizie poddano probki wierzby engrgenej oraz paulowni puszystej. Probka
kazdego z paliw zostata poddawana trzykrotnym pomiarsandwno w urgdzeniu ecznym,
jak i pétautomatycznym, dgki czemu mana byto wyznacz§ sredng wartas¢ kazdego z pa-
rametrow Analiz uzupetniono o rachunek niepevsnbpomiarowych.
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EXPERIMENTAL MODAL ANALYSIS
OF THE TURBINE BLADE

In this paper the results of an experimental madalysis of the turbine blade
were presented. Investigations were made usingelibetrodynamic vibration
system. As the results of analysis, the resonagfuincies of the blade were
performed. The results of experimental investigatiare dependent on many
parameters of vibration system defined before the f the test. In the first
part of this study the influence of the frequenasesp rate on values of blade
resonant frequency was investigated. In the nesttqfahe work the effect of
excitation intensity on value of the blade vibrat@amplitude was investigated.
The stiffness of the grip used for fixation of thiade to the movable shaker
head can have a large influence on the results @xaerimental modal analy-
sis. The fir tree slots of the blade were compssethe grip using a special
screw with fine thread. In the last part of the kvire influence of the torque
used for screw home on results of the modal armlykihe blade was exam-
ined. As the results of performed investigatiors final conclusions were for-
mulated.

Keywords: turbine blade, resonant vibrations, experimentelysis, sweep
rate, intensity of excitation

1. Introduction

The turbine blades during the work of the engire @arbjected to vibra-
tions, excited by both the unbalanced rotor andthisation of pressure of the
hot exhaust gases. The turbine blades have ofsemadl cross-section area of
the airfoil section (Fig. 1). The small bendindfatiss causes that the resonant
vibrations of the turbine can occur at relativedyvlfrequencies. During the
resonance, the large stress amplitude causes yo-fatigue of the blade
material. The blade working in resonance conditicaas be damaged in rela-
tively short time [1-7].

The main objective of this work is the experimerdatermination of the
resonant frequencies of the turbine blade. Thetiaddi goal of the study is

1 Autor do korespondencji/corresponding author: hacjVitek, Rzeszow University of Tech-
nology, al. Powstecéw Warszawy 12, 35-959 Rzeszéw, Poland, e-maitek@prz.edu.pl
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the analysis of influence of selected parametertherresonant frequency of
the blade.

Fig. 1. View of the first and second stage
turbine of an aero engine

2. Object of investigations and the vibration systa

Investigated turbine blade is made out of EI-43Tidkel alloy. EI-437-b
alloy has a good creep resistance and was usedtidional components of
the turbine engines working at high temperaturee Tiass of investigated
blade was equal to 40.4 grams. The experimentabh@wilysis of the turbine
blade was made using the Unholtz-Dickie UDCO TA-28ifration system
(Figs. 2 and 3). The blade was horizontally mourdedhe movable head of
the shaker (Fig. 4). In the first test the frequerange of 400 Hz to 3600 Hz
was defined.

Fig. 2. Main components of the vibration
system: shaker and amplifier (Unholtz-Dickie
UDCO-TA-250)

In the next part of experimental investigationg frequency was limited to the
range of800-1000 Hz in order to investigate the first moadeesonant vibra-
tions only. In experimental investigations two megaschannels were activat-
ed. The first channel was used to measure the tamldf acceleration of the
shaker head. The acceleration in this channel wessared by medium-size
(mass of 2 grams) piezoelectric sensor. The signéle second channel was
delivered from the small piezoelectric accelerats@msor. This sensor was
located on the top of the blade airfoil sectiorg(F). The small mass of the
sensor (0.2 grams) causes that it has small influe@m disturbances in dy-
namics of investigated object which mass is mughdr (about 40 grams).
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Fig. 3. View of the control panel used for both thefinition
of the preliminary settings of experimental test aiso to
visualization of the modal analysis results

Fig. 4. Investigated turbine blade fixed to the chea
of vibrator. On the airfoil section the small piezo
lectric acceleration sensor is fixed to the blade

3. Results of experimental modal analysis

3.1. Influence of sweep rate on resonant frequenof the blade

The first modal test was performed at the followpsgameters: the fre-
guency range of 400 Hz — 3600 Hz, the constant pwate of 1 Hz/s and the
constant intensity of excitation 3g (where 1g =18&%). The modal analysis
was started from 400 Hz. During the modal analgtsgsfrequency of excita-
tion was increased. At this time the signals frevo theasured channels were
recorded. The main result of the modal analysithés amplitude-frequency
characteristic presented in Fig. 5. On the horaoaxis of the plot the actual
frequency of excitation is defined. On the vertiaris the amplitude of vibra-
tion (measured on the top part of the blade) wéiseth:

The large peak, typical for resonance phenomenaurscat 920.2 Hz
(Fig. 5). This value is the resonant frequengy (for the first mode of vibra-
tion). There is visible the second peak on the aog#-frequency characteris-
tic at 2393.6 Hz. This value is the resonant fregydor the second mode of
vibrations. The third measured resonant frequencwls 3385.8 Hz (Fig. 5).

Magnified amplitude-frequency characteristic of tilade is presented in
Fig. 6. The frequency of excitation was limitedtie range of 800-1000 Hz.
There is observed symmetric shape of the charatteriypical for the blades
without cracks [2]. The blade vibration amplituder (mode |, intensity of ex-
citation of 3g and speed rate of 1 Hz/s) equalg e (Fig. 6).
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Fig. 5. Amplitude-frequency characteristic of thebine blade (frequency range of 400-3600
Hz, speed rate of 1 Hz/s, excitation intensity @f, 3crew torque of 15 Nm).

In this study the influence of selected parametémxperimental test on
results of the modal analysis was investigated. fireeconsidered parameter
is the sweep rate. This parameter shows how fasgxhitation frequency in-
creases during the modal analysis. High value ektheep rate causes that the
results of an experimental modal analysis coulthbecurate.

In order to check the influence of sweep rate doesof the resonant
frequency (mode 1) the modal analysis was repefiedhe different rates.
The speed rate range of 0.5-64 Hz/s was considé€nedresults of this study
are presented in Fig. 7. As seen from this figheedonstant resonant frequen-
cy (920.2 Hz) is observed for the sweep rate rafde5 - 2 Hz/s. At sweep
rate values higher than 4 Hz/s an increase of ésenant frequency is ob-
served. For the speed rate of 64 Hz/s the valleg6 equal to 921.6 Hz.
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Fig. 6. Amplitude-frequency characteristic of thiade (fre-
quency range of 800-1000Hz, speed rate of 1 Hzstation
intensity of 3 g, screw torque of 15 Nm)
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Fig. 7. Resonant frequency of the blade as a fumatibthe
sweep rate (excitation intensity of 3 g, screw tergf 15 Nm)

3.2. Influence of excitation intensity on resonanfrequency
of the blade

Results of an experimental modal analysis depenchamy technical pa-
rameters which should be defined before the sfatieotest. One of the most
important is the intensity of excitation. This insity is defined in [g] units
where 1g = 9.81m#s The modal analysis of the blade was made forfdhe
lowing intensity: 1g, 39, 79, 159 and 25g. The Msspresented in Fig. 8
showed that intensity of excitations has a lardeiémce on resonant frequen-
cy obtained in experimental investigations. Theonesit frequency (mode 1)
for the intensity of excitation of 1g is equal t8194 Hz. During increase of
the intensity of excitation the resonant frequedegreases. For the highest
considered intensity (20g) the.fhas a value of 912.6 Hz. The difference be-
tween mentioned results (1g and 20g) equals 8.8tHzeans that the intensi-
ty of excitation has a larger influence on the nesu frequency than the
sweep rate.
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Fig. 8. Resonant frequency of the blade as a fumaifantensity
of excitation (sweep rate 1 Hz/s, screw torquesNin)
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3.3. Influence of screw torque on resonant frequenoof the blade

The blade was fixed to the movable head of theeshakh the use of the
special grip made out of steel. The thick platethefgrip (14 mm) guarantee
a high stiffness of itstructure. The blade fir tree root was compressénl i
grip with the use of the screw with the fine thréltllOx1). The bottom part
of the screw has a conical shape in order to agkerenaximum value of the
compression force at small screw torque. Both theve thread and the screw
conical surface were lubricated in order to minenthe torque. The screw
torque was limited in investigations by small sg#nof the movable head of
the shaker, which is suspended on the rubber ctonsedhe modal analysis
of the blade was realized with the following scr@nques: 7.5, 10, 12.5, 15
and 17 Nm.

The resonant frequency as a function of screw wigyresented in Fig.
9. There is visible that the resonant frequencyngfily depends on the screw
torque. For the torque of 7.5 Nm theslequals about 882 Hz. At the screw
torque of 12.5 Nm the measured resonant frequeasyahvalue of 911 Hz.
The difference between two mentioned results (Ad H.5 Nm) equals 29
Hz. It gives the relative difference of frequen®pat 3%.

After exceed the torque value of 12.5 Nm smalleréements of s are
observed. For example, between the screws torqtg.6fand 15 Nm thedks
grows at about 8 Hz (from 912 Hz to 920 Hz). Aftecrease of the torque
from 15 to 17 Nm the & increment equals 3 Hz only. It means that after ex
ceed of the screw torque value of 15 Nm the statibn of the resonant fre-
guency is observed.
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Fig. 9. Resonant frequency as a function of screque

4. Conclusions

In this work the results of an experimental maaadlysis of the turbine
blade were presented. The investigations were ranhg an electrodynamic
vibration system. The modal analysis of the blads divided into two parts.
In the first, the amplitude-frequency characteristi the blade was obtained
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for the frequency range of 400-3600 Hz. As restlles resonant frequencies
for the first, second and third mode were obtailedhe second part of the
study the frequency was limited to the range of-8000 Hz, in order to in-
vestigate the preliminary settings of the vibrateystem on results of the
modal test. The attention in the second part ofwthek on the first mode of
the resonant vibrations was focused. As a resyitegented investigations the
following conclusions were formulated:

1. The value of resonant frequency (mode I) of theih& blade strongly
depends on the stiffness of the fixation. In présgémvestigations the
blade fir tree root was compressed with the usthefscrew. The dif-
ference of resonant frequency between screw toofue5 Nm and
17 Nm equals about 40 Hz. It means that in the raxgatal modal
analysis there is the need for strong fixationhaf blade to the shaker
head.

2. The Res of the blade strongly depends on the intensitgxafitation.
For excitation of 1 g the highest value of resorfaeuency was ob-
served (921.4 Hz). After an increase of the intgnw the value of
25 g the measured<Fequals 912.6 Hz.

3. The results of performed investigations showed tiatsweep rate has
a small influence on the resonant frequency (fodent) of the blade
which has a small mass (about 40 grams). The differ of ks values
(between the speed rate of 0.5 Hz/s and 64 Hzisalepnly about
1.4 Hz.
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EKSPERYMENTALNA ANALIZA MODALNA tOPATKI TURBINY

Streszczenie

Praca przedstawia wyniki eksperymentalnej analioglanej fopatki turbiny silnika lot-
niczego. Badania przeprowadzono za paprgystemu wibracyjnego. Jako wyniki przedstawio-
no analiz modalny i czestotliwosci rezonansowych topatki turbiny. Uzyskane rezyltaada
eksperymentalnychgszalezne od wielu czynnikéw definiowanych na wgie testu. W pierw-
szej czsci pracy okrélono wptyw pedkosci przemiatania oraz intensyw§td wymuszenia na
wartas¢ czgstotliwosci rezonansowej topatki turbiny. W neghej czsci pracy badano wptyw
intensywndci wymuszenia na war§é amplitudy wibracji topatki. Jednym z istotnych pare-
tréw mapcych wplyw na cestotliwosci rezonansowe uzyskane w badaniackwidczalnych
jest sztywné¢ uchwytu stiacego do zamocowania topatki do gtowicy wzbudniketa€zenie
jodetkowe topatki zostato utwierdzone przez dogiséilizowany za pomacsruby z gwintem
drobnozwojnym, zapewniggym uzyskanie diych sit docisku przy ograniczonej wastd
momentu dokgcenia. W ostatniej pracy okteno take wptyw momentu dokceniasruby
dociskowej na wartxi uzyskanych cgstotliwosci rezonansowych topatki. Na podstawie prze-
prowadzonych badasformutowano wnioski kiccowe.

Stowa kluczowe: topatka turbiny, drgania rezonansowe, badania exigspentalne, tempo
przemiatania, intensywd§éwymuszenia
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THERMO-MECHANICAL STRESS ANALYSIS
OF THE TURBINE OF HELICOPTER ENGINE

In this paper the results of the numerical stresdyais of the power turbine of
helicopter engine were presented. In order to stiteeproblem, the nonlinear
finite element method was used. The numerical nsoofeboth the blade and the
disc segment were made using the MSC-Patran prograrihe analysis the

thermal load resulting from non-uniform temperattéiedd was defined. The

centrifugal force resulting from the rotation oéthngine rotor was also consid-
ered. The cyclic symmetry boundary condition of dliec segment was used to
decrease the size of the numerical task. The nufdigle turbine material was

defined as linear-elastic. The modulus of elastieitd the thermal expansion
coefficient of the disc and the blade material wevesidered as temperature
dependent. As a result of performed computatidms,stress distributions for

the turbine subjected to both the thermal and teehanical loads were deter-
mined.

Keywords: aero-engine, turbine blade, rotor disc, thermohmawal stress
analysis, finite element method

1. Introduction

Gas turbine discs and blades (Figs. 1, 2a) ardlysha most critical en-
gine components, which must endure substantial amécal and thermal
loads. The turbine has three critical regions ofichiattention should be fo-
cused: fir tree slots, the assembly holes and titeZione. The joint between
the turbine blade and the disc usually represéetsnpst critical area from the
point of view of the static and fatigue strengtheToads associated with these
regions are mainly the centrifugal forces and biegrhal stresses [1-3].

The stress and strain analysis of the turbine disak blades was de-
scribed in the papers [4-5]. In many cases the éaxrghape of the disc-blade
connection caused that only in this region thesstimncentration factor has
large values. A large centrifugal force of the leladuses that the maximum

1 Autor do korespondencji/corresponding author: hacjVitek, Rzeszow University of Tech-
nology, Al. Powstacéw Warszawy 12, 35-959 Rzeszéw, Poland, e-maitek@prz.edu.pl

2 Feliks Stachowicz, Rzeszow University of Technolagynail: stafel@prz.edu.pl
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stress area is often located in the internal radiube fir tree slots of the disc
and the blade [6].

Fig. 1. View of the turbine blade and the fragmafithe disc with fir tree slots

The main aim of this work is determination of theess state in the pow-
er turbine of the helicopter engine subjected te ttomplex thermo-
mechanical load. The thermal stress (as a resultenimal field remaining by
certain time in the turbine components) occursrdftening off the engine.
Therefore, in this work a separate thermal stress also determined for the
turbine without the mechanical loads.

2. Numerical model of turbine

The geometrical models of the disc and the blade= weade using the
MSC-Patran program (Fig. 2 b, ¢) [7]. The FE maafethe turbine (Fig. 2d)
consists of 100280 nodes and 507836 TET-4 solicheis. In the analysis
two kinds of loads were considered: the speed tdtiom of the turbine
(22490 RPM) and the non-uniform temperature fidlde centrifugal forces
were computed by definition of the following parders: the blade and disc
material density, the speed of rotation and thetiposof rotation axis. The
power turbine of the analyzed engine is composetthefdisc and 51 blades.
In order to decrease the size of the numerical, tdwk segment of the disc
consisted of 1/51 part of all structure was congidevith the use of the spe-
cial cyclic-symmetry boundary condition [8]. In shcondition the stress and
displacement components (in the cylindrical coaatirsystem) defined on the
left and right (virtual) surfaces of the disc segir@re the same.

The nodes on the rotation axis of the turbine (fiettom part of the disc
presented in Fig. 2c) were partially fixed (tratiskas Ty = 0, T, = 0). For one
central node located on the rotation (symmetry} afithe disc the full fixa-
tion was applied (=0, Ty=0, T = 0).
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d)

Fig. 2. View of the real blade - object of investigns (a). Geometrical model of the turbine
blade (b) and the disc segment (c). Finite elemmegh in the vicinity of fir tree slots (d)

The maximum temperature zone (38Bwas located on the top part of
the blade (Fig. 3). In the fir tree slot of theltime the temperature value is
about 408C whereas in the middle part of the disc (in thenify of rotation
axis) the temperature is much lower (8D The temperature field was de-
fined for the engine power of 890 HP (horsepowed for the work of the
engine at an altitude of 2500 m. In the fir treefaes of the disc and the
blade the Coulomb contact “master-slave” [8] wile friction coefficient of
0.05 was defined. The nonlinear stress analysispga®rmed using Abaqus
solver [8]. The disc and the blade were made ofiE-b alloy. EI-437-b
nickel alloy has a good creep resistance and wed fog rotational compo-
nents of the turbine engines operated at high testye. Yield stress (YS)
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and the ultimate tensile strength (UTS) of El-43@Homy measured at high
temperature are presented in Figure 4 [9].
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Fig. 3. Temperature field defined for turbine segmg@ondition of engine work: altitude of
2500 m, engine power of 890 HP(,
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Fig. 4. Ultimate tensile strength (UTS) and yiettess (YS) of EI-437-b alloy
as a function of temperature

The blade and disc material density is equal tdD8&fIn? (at room tem-
perature). The thermal expansion coefficientgnd Young’s modulus (E) for
El-437-b alloy were considered as a temperaturentignt (Tab. 1) [9].

Table 1. Values of thermal expansion coefficierd &oung’s modulus at high temperature for
EI-437-b alloy [9]

Temperature Young’s modulus Thermal expansion coefficient
°C E x 1C°, MPa a x105, 1°C
200 2.00 1.27
400 1.95 1.75
600 1.66 1.14
800 1.01 1.51
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3. Results of stress analysis

The results of finite element analysis showed thaing the work of the
engine (for superposition of thermal and mecharaadls), the area of maxi-
mum reduced stress in the disc (784 MPa, Fig. Bcisted in the small zone,
under the third fir tree slot. This value excedus\tield stress of disc material
at about 184 MPa (YS of EI-437-b alloy for 400°Qalg to 600 MPa, Fig. 4).
Obtained maximum stress value is smaller than UT&e disc material at
about 170 MPa.
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Fig. 5. Reduced (acc. to Huber-Mises-Hencky critér&tress distribution in fir tree
slots of disc as a result of coupled the mechauicdlthe thermal load (engine work
conditions: altitude of 2500 m, engine power of 889), MPa
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Fig. 6. Reduced (acc. to Huber-Mises-Hencky criteristress distribution in cross-section of
the disc as a result of coupled the mechanicalthedhermal load (engine work conditions:
altitude of 2500 m, engine power of 890 HP), MPa
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The maximum reduced stress in the blade subjeoteduple the thermal
and the mechanical load achieves the value of 6B4.NMaximum stress area
is located on the corner of second and third &etslot (Fig. 7a). This value
exceeds the yield stress of the blade material486°C, Fig. 4) at about 84
MPa. The large stress zones (456 MPa) are alstelb@dbove the first (top)
slot of the serration and in the bottom part ofdivéoil section (Fig. 7). In the
central and the top part of the blade smaller \sahfestresses (92-223 MPa)
are observed (Fig 7b).

a)

Fig. 7. Reduced (acc. to Huber-Mises-Hencky criterigtress distribution in the bottom part of
the blade (a) and in the blade airfoil section(@mupled mechanical and thermal load, engine
work conditions: altitude of 2500 m, engine powE880 HP), MPa

The centrifugal (mechanical) forces disappear aftering off the engine
but the thermal field remains for a certain timbug, in the second load case a
separated thermal load was applied to the turihe.results of this analysis
are interesting not only from a practical but dremn a research point of view.
The analysis of separate thermal load can provideirtformation about the
impact of the thermal stress on the effort of matef the turbine during the
work of the engine.

In the turbine subjected to the thermal load otifye (non-uniform tem-
perature field presented in Fig. 3) the reduceesstachieves the largest value
of 461 MPa on the corner of the disc, about 3 mieurthe third fir tree slot.
In the central part of the disc the thermal steedseves the values of 124-216
MPa (Fig. 8a).

A low impact of the thermal field on the stressued in the blade is
found. The maximum value of reduced stress in #mdral part of the blade
airfoil section is equal only to 9.8 MPa (Fig. 8b).
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Fig. 8. Reduced (acc. to Huber-Mises-Hencky criteristress distribution in the disc (a)
and the blade (b) as a result of thermal load dvipa

4. Conclusions

In this work the results of numerical stress arialp$ the power turbine
of helicopter engine were presented. In order weabse the size of the nu-
merical task, the special cyclic-symmetry boundeoydition was defined.
The disc segment and the blade were subjected g¢octimplex thermo-
mechanical load. From the simulation results, asiohs can be drawn as
follows:

1. The value of maximum reduced stress (784 MPa)endibc subjected to
couple the thermal and the mechanical loads exc@edslly) the yield
stress of the disc material at about 184 MPa. Ctéedpstress value is



386 L. Witek and F. Stachowicz

smaller than UTS of the disc material at 170 MPlae Tesults of stress
analysis performed for another engines showedtligalocal stress in the
turbine fir tree slots can be higher than YS ofriagerial [2, 10].

2. The large values of stresses (478-529 MPa) areoakserved in the vicini-
ty of the disc rotation axis.

3. The maximum stress in the blade subjected to tHeamd mechanical
load achieves (in the fir tree slot area) the valié84 MPa. This value
exceeds YS of the blade material at 84 MPa. Thi &igess area is often
observed in the fir tree region of the blade arel disc of aero-engines
[11-13].

4. It was assumed that during the first work of thgiee, the zones of fir
tree slots (in which the stress exceeds YS) cadodadly plastified. After
that the distance between the slots fir tree sotsdifferent and during
next acceleration of the engine the stresses dmuldwer.

5. During the thermal load only the reduced stresseaels the value of
461 MPa in the bottom region of fir tree slot of ttlisc.

6. The maximum value of thermal stress in the blad&ksconly to 9.8 MPa.

7. Tetrahedral TET-4 finite elements are not good ahdor modelling the
disc and the blades of aero-engines. The resultseofvork [2] showed
that better efficiency in modelling of the fir trestots (smooth mesh at
much smaller number of nodes and elements) carbtaéned using hex-
agonal HEX-20 second order finite elements.
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ANALIZA NAPR EZEN TERMO-MECHANICZNYCH TURBINY
SILNIKA SMIGLOWCOWEGO

Streszczenie

Praca przedstawia wyniki numerycznej analizy gagir turbiny nagdowej silnikasmi-
gtowcowego. Do rozvwgzania problemu wykorzystano metoelementéw skidczonych. Mode-
le numeryczne fopatki oraz segmentu tarczy wykonkmraystajc z programu MSC-Patran.
W analizie zdefiniowano ohgienie cieplne wynikage z niejednorodnego rozktadu temperatu-
ry. Dodatkowo zdefiniowano sitodsrodkowg elementéw wynikajca z obrotu wirnika silnika.
W celu ograniczenia wymiaru zadania numerycznegsegpnentu tarczy zastosowano warunek
brzegowy w postaci symetrii cyklicznej. Model méaér turbiny zdefiniowano jako liniowo-
sprzysty. W analizie uwzglniono dodatkowo zmignwartasci modutu Younga oraz wspot-
czynnika rozszerzaloi termicznej materiatu w funkcji temperatury. \Wzuétacie przeprowa-
dzonych obliczé okreilono rozktad naptzen turbiny poddanej dziataniu ztonego obeizenia
termo-mechanicznego.

Stowa kluczowe: silnik lotniczy, topatka turbiny, tarcza wirnikanaliza napzen termo-
mechanicznych, metoda elementéwrskannych
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wem nierzetelnosci naukowej, a wszelkie wykryte przypadki tego typu dziatan ze
strony autoréw beda demaskowane, wlacznie z powiadomieniem odpowiednich pod-
miotow (instytucje zatrudniajace autoréw, towarzystwa naukowe itp.).

. Redakcja uzyskuje informacje o zrédtach finansowania publikacji, wktadzie instytucji

naukowo-badawczych i innych podmiotéw (financial disclosure).

Redakcja bedzie dokumentowaé wszelkie przejawy nierzetelnosci naukowej, zwlasz-
cza famania zasad etyki obowigzujacych w nauce.

Z ghostwriting mamy do czynienia wowczas, gdy kto§ wniost istotny wktad w powstanie
artykutu, lecz ani jego udziat jako jednego z autoréw nie zostat ujawniony, ani nie wymie-
niono go w podzigkowaniach zamieszczonych w publikacji.

Z guest authorship mamy do czynienia wowczas, gdy udzial autora jest znikomy lub
w ogole nie miat miejsca, a jego nazwisko jest podane jako autora lub wspotautora.
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Instrukcja dla autoréw artykuléw naukowych publikowanych

w Oficynie Wydawniczej Politechniki Rzeszowskiej

Dane podstawowe

1.
2.

7.

Pole zadruku; 12,5 x 19 cm + 1 cm na numery stron

Marginesy: gorny — 5,20 cm, dolny — 5,20 cm, lewy — 4,25 cm, prawy — 4,25
cm

Czcionka: Times New Roman 11 pkt

Edytor: Microsoft Word

Zapis tekstu: obustronnie wyjustowany, interlinia pojedyncza, wcigcie pierw-
szego wiersza 0,75 cm, nie nalezy zostawia¢ pustych wierszy migdzy akapitami
Wszystkie kolumny artykutu powinny by¢ w calosci wypehione; pierwsza
strona nietypowa — zawiera naglowek, nazwisko Autora (Autorow), tytut arty-
kutu, streszczenie i poczatek artykutu, kolejne strony zawieraja dalsza czgsé
artykutu, w tym tabele (tablice), rysunki (ilustracje, fotografie, wykresy, sche-
maty, mapy), literaturg i streszczenie

Nalezy wprowadzi¢ automatyczne dzielenie wyrazow

Dane szczegolowe (uklad artykulu)

1.

2.

Na pierwszej stronie (nieparzystej) nalezy umiesci¢ nagtéwek (do pobrania):
10 pkt, pismo grube

Na kolejnych stronach artykulu u gory nalezy umiesci¢ paging zywa: strona
parzysta — numer strony do lewego marginesu, pismo podrzgdne 10 pkt, inicjat
imienia i nazwisko Autora (Autorow) do prawego marginesu, pismo podrzgdne
10 pkt; strona nieparzysta — tytut artykutu lub (w przypadku dtuzszego tytutu)
jego logiczny poczatek zakonczony wielokropkiem, pismo podrzgdne 10 pkt
W dalszym ciagu na pierwszej stronie nalezy umiesci¢ pismem grubym (odstep
przed 42 pkt): imi¢ (pismo podrzedne 10 pkt), nazwisko (wersaliki 10 pkt) Au-
tora (Autoréw)

Tytut artykutu — wersaliki 15 pkt, pismo grube, do lewego marginesu (nie na-
lezy dzieli¢ wyrazéw w tytule), interlinia pojedyncza, odstep przed 24 pkt, od-
step po 18 pkt

Streszczenie (w jezyku artykutu) — 200-250 stoéw, pismo podrzedne 9 pkt, wcig-
cie cato$ci z lewej strony 2 cm, bez akapitu, interlinia pojedyncza, odstep po 12
pkt

Stowa kluczowe — pismo podrzedne 9 pkt, bez akapitu, interlinia pojedyncza,
odstep po 24 pkt

Imie i nazwisko Autora do korespondencji oraz pozostatych Autoréw, afiliacja,
adresy pocztowe, numery telefonow, e-maile — na dole pierwszej strony, pod
kreska, pismo podrzedne 9 pkt z odpowiednimi odno$nikami, odstep przed 2
pkt

Srodtytut 1. stopnia — pismo podrzedne 13 pkt, grube, do lewego marginesu,
interlinia pojedyncza, odstep przed 14 pkt, odstep po 9 pkt

Tekst artykutu, a w nim tabele (tablice), materiat ilustracyjny, wzory oraz $r6d-
tytuly nizszego stopnia



10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

Srodtytut 2. stopnia — pismo podrzedne 11,5 pkt, grube, do lewego marginesu,
interlinia pojedyncza, odstep przed 10 pkt, odstep po 8 pkt

Srédtytut 3. stopnia — pismo podrzedne 11 pkt, do lewego marginesu, interlinia
pojedyncza, odstep przed 8 pkt, odstep po 6 pkt

Nagtowek Literatura — pismo podrzegdne 11,5 pkt, grube, do lewego marginesu,
odstep przed 12 pkt, odstep po 8 pkt

Spis literatury cytowanej — pismo podrzedne 10 pkt, interlinia pojedyncza, nie
nalezy zostawia¢ pustych wierszy miedzy pozycjami literatury, odstep po 2 pkt
Tytut artykutu w jezyku angielskim (lub polskim) — wersaliki 11 pkt, pismo
grube, do lewego marginesu, interlinia pojedyncza, odstep przed 20 pkt, odstep
po 12 pkt

Nagtowek Summary (lub Streszczenie) — pismo podrzedne 9 pkt, grube, od-
stepy migdzy znakami rozstrzelone co 2 pkt, odstep po 6 pkt

Streszczenie w jezyku angielskim (lub polskim) — 200-250 stow, pismo pod-
rzedne 9 pkt, wcigcie pierwszego wiersza 0,75 cm, interlinia pojedyncza, od-
step po 12 pkt

Stowa kluczowe — pismo podrzedne 9 pkt, bez akapitu, interlinia pojedyncza
Numer identyfikacyjny DOI — pismo podrzedne 9 pkt, bez akapitu

Terminy przestania artykulu do redakcji i przyjecia do druku — pismo pod-
rzedne 9 pkt, kursywa, bez akapitu, interlinia pojedyncza

Rozmieszczenie rysunkéw (ilustracji, fotografii, map, wykreséw, schematow)

1.

Materiat ilustracyjny nalezy umieszcza¢ mozliwie jak najblizej miejsca jego
powotania

Nie nalezy przekraczac pola zadruku (12,5 x 19 cm), w ktérym musi si¢ zmie-
$ci¢ i materiat ilustracyjny, i podpis

Wieksze rysunki (i inny materiat ilustracyjny) wraz z podpisem powinny zaj-
mowac cate pole zadruku, mniejsze za$ nalezy przesung¢ odpowiednio — do
lewego marginesu (na stronach parzystych), do prawego marginesu (na stro-
nach nieparzystych)

Podpis w dwoch jezykach: w jezyku artykutlu i w jezyku angielskim, nalezy
umiesci¢ pod rysunkiem (i innym materiatem ilustracyjnym), w jego ramach,
bez kropki na koncu (jesli jest to materiat zapozyczony, nalezy poda¢ zrodto),
pismo podrzedne 9 pkt

Odstep miedzy materiatem ilustracyjnym a podpisem — 9 pkt, interlinia poje-
dyncza, odstep migdzy podpisami 4 pkt, odstep po 14 pkt

Opis stlowny na rysunkach nalezy ograniczy¢ do minimum, zastepujac go licz-
bami arabskimi, a objasnienia przenie$¢ do podpisu

Materiat ilustracyjny powinien mie¢ dobra jako$¢, nalezy ujednolici¢ forme
i opisy w calym artykule (pismo podrzg¢dne proste, od malej litery, maks. 9,
min. 6 pkt w zaleznos$ci od wielkosci rysunku)

Materiat ilustracyjny nalezy ponumerowac kolejno w ramach artykutu

Jezeli w artykule wystepuja rézne rodzaje materiatu ilustracyjnego, kazdemu
z nich nalezy nada¢ odrgbna, ciagla numeracje



10.

11.

Materiat ilustracyjny nalezy przygotowa¢ w odcieniach czarno-szarych (do
20% czerni), poniewaz przy wydruku czarno-biatym kolorowe rysunki sa stabo
lub catkowicie niereprodukowalne

Rysunki do druku kolorowego (za zgoda redaktora naczelnego czasopisma) na-
lezy przygotowa¢ w plikach .tif, .jpg

Rozmieszczenie tabel (tablic)
Tabela — zestawienie tekstow i liczb badZz samych liczb uszeregowanych w ko-

lumny i wiersze

Tablica — zestawienie tekstow i liczb wzbogacone dodatkowo elementami graficz-

12.

13.

nymi lub kolorystycznymi (niekiedy stanowig je tylko ilustracje)

Tabele (tablice) nalezy umieszcza¢ mozliwie jak najblizej miejsca ich powota-
nia
Nie nalezy przekraczac¢ pola zadruku (12,5 x 19 cm)

Wicksze tabele (tablice) wlacznie z tytulem zajmujg cate pole zadruku, mniej-
sze za$ nalezy przesung¢ odpowiednio — do lewego marginesu (na stronach pa-
rzystych), do prawego marginesu (na stronach nieparzystych)

Nad tabela (tablica) nalezy umiescic tytul w dwoch jezykach: w jezyku artykutu
i w jezyku angielskim. Tytut rozpoczyna si¢ calym stowem tabela (tablica)/ta-
ble i umieszcza nad nia, w jej ramach, bez kropki na koncu; pismo podrzedne
9 pkt, interlinia pojedyncza; jezeli tabela (tablica) jest zapozyczona, nalezy po-
da¢ zrédlo

Odstep przed tytutem tabeli (tablicy) 12 pkt, odstep mi¢dzy tytutami 4 pkt, od-
step miedzy tytutem a tabelg (tablicg) 8 pkt

Legenda po tabeli (tablicy) — odstep od tabeli (tablicy) 6 pkt, interlinia pojedyn-
cza, odstep po 14 pkt

Teksty w gtowce tabeli (tablicy), tj. w gornej, wydzielonej czgséci tabeli (ta-
blicy), objasniajace tres¢ kolumn zapisuje si¢ pismem grubym, rozpoczynajac
od duzej litery, teksty w boczku tabeli, tj. w bocznej, wydzielonej czesci tabeli,
objasniajgce tres¢ wierszy rozpoczyna si¢ duzymi literami — teksty w pozosta-
tych rubrykach sktada si¢ matymi literami

Tabele (tablice) nalezy numerowaé kolejno w ramach artykutu. W przypadku
wystgpowania i tabel, i tablic nalezy nada¢ im odrg¢bna, ciagla numeracje
Jezeli tabela (tablica) nie miesci si¢ w jednym polu zadruku, mozna jg podzieli¢
i przenie$¢ na nastgpna strone czy strony — woéwczas nad wszystkimi czesciami
tabeli (tablicy) nalezy powtorzy¢ jej numer i tytul, ze skrotem (cd.)

Tabele (tablice) nalezy przygotowaé¢ w odcieniach czarno-szarych (do 20%
czerni), poniewaz przy wydruku czarno-biatym kolorowe tabele (tablice) sa
stabo lub catkowicie niereprodukowalne

Tabele (tablice) do druku kolorowego (za zgoda redaktora naczelnego czasopi-
sma) nalezy przygotowa¢ w plikach .tif, .jpg



Rozmieszczenie wzorow
1. Wzory nalezy umieszczaé z lewej strony, z wcigciem 0,75 cm, pismo proste 11
pkt, wartosci indeksow 1 poteg 7 pkt
2. Numery wzordéw nalezy umieszcza¢ w nawiasach okragltych, wyréwnujac do
prawego marginesu, pismo proste 11 pkt

3. Wzory powinny by¢ opatrzone objasnieniem wystgpujacych w nich elementow
4. Wzory, do ktérych sa odniesienia w tekscie, nalezy numerowac kolejno w ra-
mach artykutu

5. Dhuzsze wzory mozna dzieli¢ na znakach relacji lub dziatania —znak, na ktorym
si¢ przenosi wzor, nalezy pozostawi¢ na koncu pierwszego wiersza

6. Przed wzorem i po nim nalezy zachowac odstep 10 pkt

Rozmieszczenie spisu literatury
1. Spis literatury umieszcza si¢ za trescig artykutu, w kolejnosci alfabetycznej na-
zwisk autorow

2. Powolania na literature nalezy zapisywaé w tekscie w nawiasie kwadratowym
3. W spisie literatury nalezy umieséci¢ wytacznie te publikacje, ktore sg powoly-
wane w tekscie

PRZYKLADY:

Ksiazki

Lewandowski W.M.: Proekologiczne Zrodta energii odnawialnej, Wydawnictwa Na-
ukowo-Techniczne, Warszawa 2002.

Czasopisma
Pietrucha K.: Analiza czasu odnowy i naprawy podsystemu dystrybucji wody dla mia-
sta Rzeszowa, Instal, nr 10, 2008, s. 113-115.

Dokumenty elektroniczne

Zanotti G., Guerra C.: Is tensegrity a unifying concept of protein folds? FEBS Letters,
vol. 534, no. 1-3, 2003, pp. 7-10, http://www.sciencedirest.com [dostgp: 8 czerwca
2011 r.].

Rozmieszczenie streszczenia

1. Po literaturze umieszcza si¢ tytut artykutu, nagtéwek Summary i streszczenie
w jezyku angielskim

2. Gdy artykut jest w jezyku angielskim, na poczatku nalezy umiescic streszczenie
w jezyku angielskim, a na koncu w jezyku polskim

3. Gdy artykut jest w innym j¢zyku kongresowym, na poczatku nalezy umiescic¢
streszczenie w jezyku artykutu, a na koncu w jezyku angielskim

4. Po streszczeniu umieszcza si¢ stowa kluczowe w tym samym jezyku co stresz-
czenie



Rozmieszczenie numeru identyfikacyjnego i informacji dodatkowych
1. Po stowach kluczowych nalezy umieséci¢ numer identyfikacyjny DOI
2. Pod numerem identyfikacyjnym zamieszcza si¢ terminy przestania artykutu do
redakcji i przyjecia do druku

Inne uwagi
1. W artykule mozna stosowa¢ wyliczenia — elementy wyliczen nalezy oznaczac
w catym artykule w sposob jednolity, np. za pomoca cyfr arabskich z kropka
lub matych liter z nawiasem

2. W artykule nalezy stosowa¢ ogolnie przyjete skroty, ale zdanie nie moze si¢
zaczynac od skrotu — nalezy go wowczas rozwinaé lub przeredagowaé zdanie

3. W artykulach kazdy cytat musi by¢ opatrzony informacja bibliograficzna
(w formie przypisu na dole strony lub odwotania do spisu literatury)

4. Przypisy (pismo podrzedne 9 pkt) nalezy zapisywa¢ w sposob jednolity w ca-
tym artykule, opatrujac je odnosnikami gwiazdkowymi (gdy jest ich niewiele)
lub liczbowymi, przyjmujac ciagla numeracj¢ w catym artykule i umieszczajac
kazdy przypis od nowego akapitu

PRZYKLADY:

1 M. Herezniak, Kreowanie marki narodowej — rola idei przewodniej na przyktadzie
projektu ,,Marka dla Polski”, [w:] H. Szulce, M. Florek, Marketing terytorialny
— mozliwosci aplikacji, kierunki rozwoju, Wydawnictwo Akademii Ekonomicznej
w Poznaniu, Poznan 2005, s. 344-345.

2 L. Witek, Wplyw ekologicznych funkcji opakowan na postawy rynkowe konsumen-
téw, Opakowanie, nr 5, 2006, s. 12-17.

3 J. Strojny, Zmiany gospodarcze i spoteczne w integrujgcej sie Europie, Zeszyty
Naukowe Politechniki Rzeszowskiej, nr 225, Zarzadzanie i Marketing, z. 5, 2006,
S. 45-50.

5. Nie nalezy pozostawia¢ na koncu wiersza tytulow znajdujacych si¢ przed na-
zwiskiem, inicjatu imienia, spojnikow, cyfr arabskich i rzymskich
6. Nalezy stosowa¢ wylacznie legalne jednostki miar

Zachecamy Autorow do zapoznania sig z archiwum artykutow naukowych zawartych
w Zeszytach Naukowych Politechniki Rzeszowskiej oraz do wykorzystania ich w bi-
bliografii swojego artykutu.
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