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Hamid Taiaddod Comparison and investigation of high HRR fire
vse. | simulation in enclosed compartment with FDS and

OpenFOAM
Ghassem P
Heidarinejad*
Professor _ T . .
Abstract: One of the powerful tools for fire investigation is Computational Fluid
Moh d Dynamics, which has the capability to predict all influential parameters in fire, such as
S?ifglr’ggzj%h temperature, velocity, pressure, toxic species, and radiation. However, this method
PhD, requires validation to assess the accuracy of the results. This can be achieved by
Faculty of Mechanical simulating and comparing the results with experimental data to evaluate the numerical

Engineering, Tarbiat @ accuracy and examine the validity of the governing models used in the simulation. In this
Modares University, .. ! . . . .
Tehran study, the temperature conditions, velocity, and combustion species were investigated
and analyzed in the geometry of the fire compartment, by comparing the results of two
software, FDS and OpenFOAM. It was observed that both software have similar
validation results, although OpenFOAM performs slightly better than FDS. For instance,
the temperature and CO, species results in OpenFOAM have a relative error of 22.4 and
16%, while FDS have a relative error of 24 and 31%.

Keywords: Compartment fire, Fire behavior study, Fire simulation, FDS software,
OpenFOAM software, Turbulence flow, Computational fluid dynamic (CFD)
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Abstract: This study conducts a parametric analysis as well as performance evaluation of
a multiuple effect distillation system equipped with a thermocompressor. Equations for
mass, salt concentration, energy, and exergy for each component of the desalination system
are established. The study proceeds with an investigation and analysis of this system using
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Top Brine Temperature (TBT), water concentration, and the number of effects on the flow
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the highest to the lowest exergy destruction correspondingly attributed to the evaporators
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Feasibility of using magneto hydrodynamic system
for increasing the operational Mach range of an aero
gas turbine engine

Abstract: Today, increasing the operating Mach of air turbine engines is the focus of
scientists. The use of magneto-hydrodynamic (MHD) energy allows the use of a turbojet
engine in a supersonic flight. For the performance of turbojet engine in supersonic flight, it
is necessary to reduce the speed of the inlet flow. In this new method, the high kinetic energy
of the incoming supersonic flow is converted into electrical energy, and by reducing the
speed of the incoming air flow, in addition to enabling proper operation of the turbine engine,
electrical energy is used to accelerate the outgoing gas flow. In this research, the
thermodynamic cycle of a turbojet engine with MHD system, for the proper operation of this
engine at Mach 2 above, is analyzed and the parameters affecting the production thrust and
efficiency are investigated. The results show that applying a magnetic field to the flow, while
providing suitable conditions for the turbojet engine at high Mach, converts the kinetic
energy of the high-speed flow into electrical energy and is ultimately used to increase the
thrust and increase the operating Mach range of the turbojet engine. The results indicate that
in the range of Mach 2 to 4, the specific thrust in the studied engine increases up to 343
N/(kg/s).

Keywords: Aero gas turbine engine, Increasing the operational Mach range, Increase thrust,
Thermodynamic cycle, MHD energy bypass

shahriari@mut-es.ac.ir « Jytus oo gs

1 Magneto Hydrodynamic (MHD) energy bypass



SSlSe (i 85

Bl o] Jlis 4 5 ey Bl 4 4z 55 L 5550 )50 58,
GAYL S sloo iSTas L aslys oo ) oled Cudgase
51 ooliiul (0Ms s (4,8 pgu ams el o Iv] ass L,
Jlgd Cend BB &S C o Sl b S ) wiile (alaygise
arwgi Jl (nl b ey (o0 Sl 4 585 51 98 (b il
9 Sty o 4 500 (5 &l 0 e o wlele
Slos & Hilidn 5w egas 4 Lablss Caio LSS
o oS y%e 550 4 (53959 Sl Ty (sl 5350 50 el e
Sy b @il i )3 B agd (o0 bole C3gm b g
S50 Olrder Sy U5l heee b g oad Jaiio S50 (9L
2 3lsn Sl oiSlen s5ise S o) s5ise ] Cuss a4y L
@ 0l a5 oo s S5 N wib o 0 L ¥ £l o3gae
g0 G93le S pr r Gy 41 55 oS Sl (pl Sged az g5 ]
Slon sace gl p) H9ige 3l ahize 1o L >
el oS 55 o gl o5l 45 oo ial33l s B £l 5 i
Wl (5o wsd ey L G 3 jsete 5 Srio slajle
Gl ey 00gume A Sl 09 e (V) IS0 o Iv]
U5 )0 280 by el o )y cilizs o (gla, 30
oy T 05l g0 oty b o) oS 2l s oo
ALl e p ar plitws g Lo Glalidl JSawe 0,5 )b
S e b dlpiion G p Sl slajsige sl oolaiul O Fle
O @y abizms a5 col (22 ) y5i50 @8ls > C Sl
ol 4151 (o0 ald Sso 5l Gl sl ) Y Ll
SR8 @l ca o Sl sl gise 3l ol alaione )3 45 (Sne

D] ss o ) Ogo 9oke & y90 @

8000
Hydrogen fuel
\ % Hydrocarbon fuel
6000 Y, Turbojets
o &
2 s
3 N 1Y
=3 R
E 4000 . Ramjets
2 T e
3 Py ) *\\ X-43A
& Loroorts _QO - Scramjets
2000 FEFHSRTIS  Ramjets T
‘ ___Scramijets i
Rockets T
..... %514 B enans
0 N S N R EE B EN ER B B B

Mach number, M,
sba,5ge £l 1y 699)9 Elo & S a9 41,0 ¥ S
[f] V] e

Szl b Copy j9ige g Sgop) Gliml b cop, j5ige
Sgo pj sl Sy 0 Al (ool (Cx o S) Sgo Bo8le

Yo

O g 5 b e 5942
doddo )

Syl b ve asle YL Slelas )| j0 5 5 & Slep 4 5LS

Wl"‘sw‘gs‘&"’”%?‘j’gs’wwv“")w

bl b (3l g9 adgs ol o aS o)ls J5 5w olo
e & y5ige Lawgs ooliiul 9,50 (Jole Jlow) 55 pedins
sdos 09,8 55 4 (V) JSb Bl oy 1) LT 5 wlse
S )gige 9,5 ek LS (sl y5ig0 g (oS 90 (5l y5i 50
29,85 G35 eys L loygise 4 ()l oo | (omiiSlen
5 L py ol ) H859; e S slogise 5 (Ods,88

DT s 5L slen o st

Sy ol

| |
G owgi Sz slaygige || 3y 8L sle s
loST, e
[ | [
+ Sergye +O0598 | ”L}.JL,‘ ‘cﬁ:_»,u)ims‘;a_h

B a5 i

‘ Gl b oS 5 S lasise |

[ [ [ | |
PSP = 517 soo

IJ’}‘U}1 + us,j)y = + 5:55‘49) + sl + sl
?)S_u ey f')g"’”‘-"?r") F)S-”"“-*?P) R . |

e S fe S e, S e S

ol 3o oo Glan b cog g | ‘ (SABRE) 63g3 o ps oy \_,;_...E:.'.‘;Ig.m _;LM'.SI) ‘

[V] loond co il i lo piw gl YV USS

bysige 5l Gl laysige JolSS e (IS b

Cale 50 5 S oy e dsns g Sl gise s T (Al
Olrie o i Fhe Slay5ige 19 358 (o0 o2 L o Sl
J9d sl op g Jlw Olee 23S w2 5l 5len ln kS 300
S99 3l pel (Fuyg S slaygige )3 058 (oo ol 2 e
g yeS 53 198 oS15 ol ye lags (i (6955 (B985 9
Mg (3l dhioe jo JLadp lgn g CS g gl 3l 2o
el 65500 38 s (s 50 5555, G5 Slr Ol
S 50 d9hon wald JiU 5o bl cnl bl 5 5l 2>
Glgs sla ile 5l oolaiwl ¥ Flo ogax 3l yiion 55le sl
S p3Y (515 obml) Jlad bl sl b ygm seS (tny
@ e 535S 5 5590 (635,95 4>l S L Ols (o0 1)
O9n Sl ygige sy Sl HLAS l3l 4 3l al alhiocs



VF.¥ %0)‘9d~>)5)5 ‘WS{ c)Lo..i'J afsmequLd

sl (@) asb o Sy LB Jol 9o Lelul p cwablisn
Oldee o0 Bloy oole &8> s 4 (S0l b
Olae 25,3051 Jol> 535,59 (695 73U (@) ((ompbline
WSS ol s bl

Ol sy 4 MHD 550 )0 00l cod 5o (s
oS el o sl VATY Lo 45 sl (5 piele oSSl
Olee SG a0 Wil (oo (So 2SN (gd SG 0l plis ol a5
w2 6oLl ol sl o aes SO 5l i 09 B yorie genblise
53155 50 Jele ool plgieds Llu ) Jlaw S5 51 olgs (0 4570
S aie ol 5o 6ol o8l ecnl 5l ey LA] 8,8 soliul ls
o Sl lome Wgie utige S sl SO alaz 51 ain,S
o ¥l ol e a4 gl 0,8 Sl |y 6385 MHD s
Sl VAFF Lo b g o5 ol 1, _alSiylesT MHD olfzs
S Gl oS e w8 S Gy gk 45 ol
&yt MHD ginceas 31 oolictal oyl 5,8 il ol oo
VAPY Lo 5o mly b Jb sl 58 yo hbog (Mla
bl « S5 55 5o sae i MHD [R] w00,
oo Wl oad J S (gl dnn (LDgzmen g (cwiige sl o)l
SRRVIFARY ety

Dl 4 il gl 4 gl e 5o [N gyl
oo l5 55,8 05l o] (S loonyl 5 MHD oLy,
5ei ol 1y O 5 (gwaige

48 Cul daz g5k Sy MHD L35, (65500 (558
dry om 5 ol by 35 s iz ] e
00,5 5T Yeve Jlo yo Lol 1) aiey cpl o Slidss oJy
4> > Jdoo» laie b gladlie a8l 4y jomie a5 Sladon il
sbygge > MHD 5L 551 (Seoludge s
3 09,5 dw Lo i Jol> allie cpl .o [VY] «Sigu pole
e i ] 0 0y Ay, g el oy
i b oot o o Selna, ige Sy Saalioge s
Sl buly; 9285 18 0,50 MHD [35,LS (5 5
p oYl 5l (Sl slaws a4 Jlo cpl 5ol Zlsel ol
sl 0 plowl Lol i ol 4yl

29590 oz 4 Voo ¥ Jlo o VYT jaisal s gusCly
s5ise o b MHD (55,1 535S ) oolisiol b Siiges e
Wb o5 wlisiod S5l g il n Jyore Cogrye
C2gF HFse S Seslpsger a5,z Vo) e Jlo o VY]
2 1y s ol 51 oolanul @l 306 g ols )8 axdllas 550 |,

Sl gudige & pES

Slad 1y sl asl oSles oniy Cwls ey Sl
oS es polie (gl JSem JLa8 Sl Cuz lga (Sals
Cor Sl g Sy slaygige o5 bl jl e (B el
W05 480 4 (ke (S psl o Shee (rnly slo e o
S0P S sbyge (Seelusges sladew nle
Iv] oz salgs jlita es1, (R85 5 “252)55)

STy 2l ey yhaadl glysle jo Jas Julds o j5ale ST
0950 5 cwlie 0 Slae gl 0g wlyx L5 jeiws o b
25 G0y oi5lse slaysise S5 Ghyy o jheed]
55 S )0 Jos 5 (Lo p Sl 5 S ) (s
S pyong s S S SLygise (nl Gl Aiged ol
29005 Jos Syt G Gmb gle Se e 0 a5 ol
S ey s B el sy e YL e e s
Vb 09 oS 5 S slajgige colas gl (oo Joe o)l
A2l o et a3 sVl iy Sl ool ol Sy
6551 el aalllae Cuws 55 g (ngs (hey o AT K00 b,
ol g oyl b (MHD) ' Sslog,amguse ,35,LS
S gige Sl ogd (oo Sl A8 )T 18 s 2 850 Buiod
03gaze )0 Dgo esle slace pw y odle  Joors Lyl
Gl 5308wy Jod BB Olrie o 5 Dy Boile
G8le sl Saep y3 192 by 0bj (cAiz (655l s b
S3Pl & hos e 5l onl Al sy jae Dge
P90 4 6999 Sl9p Ol Se ) cnl b g ond (S Sl
Sled sl (S (G5 men 5l Zaledye g 4l rals
D9 oo oolaiwl (>, 35 b A ols

Sbley Jhw jo a5 ol (gl ongay Sealinog nnmgise
iy ot £ 4 (smibliha e Sy 3 i S
Sy Sl 0 Gk o S ol 5y o]
5 g oy ) 405,85 050 33 o o5 45 S
Dbz Sa p d9es ()1 (cublie lae So 9> 50
Jods 420908 (oo olml 3556 (695 oL 4 (om> S90S
L olad DLt lo, b 0dd @595 o> 59505 0
& JUB Jsb 5o Jlw 5580l o 45 WS (o0 a2
ol bl alils s iaS,0 MHD oasay 8] o5
5 1l bl 20 i 5 Sl 315 bl 5
(b SYolee b (Salis 09 2SIl JguSle SYolee MHD Joe
bl Gl 1 Jol> 5555 (slog i 45 Wigd (o0 S
Olee 5 Jlw Glz Shee oS 5 D9dee Jold 5 1,

1 Magneto Hydrodynamic (MHD) energy bypass

02



SSlSe (i 85

Sloie ju )0 gl (I b olyad Cogyel (e j5ige ()
D9l (o (miyp Sgan ygan

Sl IS padlin b 2 LubT Y

allas 4 o5 col gyl gl aney Seelasg g
g o5l (oo (oS ble; Cools b VL Salio
Olds (s 4 5Se dolS o] ol 48T Aol au
S8 P dy Seelind g Jlew (S 4 g 0 (omnbline
Se g ogee bl 5o oud o SIS a5 (B Bl (oo
sl (S ST e S 055 (e o Lz (omeblite ploe
Ohee 1oy 5 S Olyz 5oy 2 95ee (] Caz &5 WS
o Jlw 5B sl Gg 9 Lo 980l g wlly (o (orblise
8551 50 09792 1y (S by (S S s 3l
ools Glis Soraliydg ) siife w5l gled (1) JS5 50

el 00

[ 0] ol 5,00m55K0 pitanms o)l 2, ¥ JSCE

Ll 51 (B o)l Senludgiepgise has
&5 3l Sl Al g el 45T 08 5 e g
S ol e 5 291 om o8l3 ], Ladly i
duslio ;o Gioled 0,5 o )8 oolaiwl 5,900 MHD Juae jo
Ol oolall 3e8 (ol atia CtlaF 0 eolatl 050 (lowdl L
Sealizdg,000450 a5 > S5 ;0 MHD (sla g5l 55 .ol 5
SOl S igd (oo ol (S Sl tle SO 2B
DC dfﬁy(_g‘)“_()m‘_;wyaubo&b?ksfyé)f‘
Sbd sl DC Gr 55 5l Glgise oSe g 9,5 ool
b Sle a4 wged eolatll Ledy old ol
D9 oo oolaiwl aTd Bk g0 o 5l MHD )35 ,LS (65l
[yel

v

O 5 6 b e 590

Jlesl a5 ols lis 5 0908 () g8 H5ise S (89,
B oogase )0 g0 G38lo (b2 yomms )0 (qubline (e
ol 4l e SokS 5 (e YV B o5y ) ELeVI0
Gl AT LS s Gl eolaiul b e 20 oo
o 33ile slonlsn S slles Sl ool Koe MHD
b il 9o 358l Sy w5, 4

o, Slos goae Judow 4 YN0 Jlo jo oy g plas e
o LT [Pl wsls . Slinogyunpsiife caong,See G
w98l 5o Jlw Obr oz sl ) o aw Joe
ooy 5l eolaiwl b goae Djae as |y Y olas g dSols dswgs
3ged o Jroms o )58l 5 399500 pn>

aluy S YV Jl o olKer 5 Cawpse
Sals Syge a3k odgl slp 1) (el (Sl uueginsa
35505 ol 69 Skee (sla el 5 005 (g3l s (s0as s
sl Gl ile ans ol o Vo] wols 8 vy
A5 e A D50 & Sl S8 p 5 gpblise o S Sl
weblioe 5 (S S sl lase Glawal [l g wul a8 8
N0 S el il o Slose 5 bl by 2

RV oy ol s S5 s G
) sty JU™ 59,0 Jlwg B 59y 52 SealindgyanpgiSe
(Y4 Qidged (SIS (owyp

s o (Senladgyien 5 (5,1, )63, caddllas ol o
il om 90 JUIS <55 40 (0] 0S| ao o ¥ ogdle 4 L)
L gove Sjgo & B panbline lo Gl joa> )3
D13 (o) 2 990 Sgazme px (B 9 (S S Jue l eslinud
RO

s 0L Gilpiay 09> 50 MHD (658 0 )5 ) 51
Ol s g by jo pion i) cpl jo Gladss a5 aeo
Sl Slidiod ploa Ailpiay 0j9> )0 Sl 03 2k)e
Py Geimed g S p Sl g L e laygige 59y (Sl
a2 oo ol cpl sl sl pll g 398l gyl
Lol oy sl 2l slaygise 5o 3955 cnl 656551
995 )l pel itz 9,98 sl ygige Alide slo WS @ 4z g3
0358 35 5 Cog 95 g Sz gg (e Jyene
Sz el e (pl o ey G sleygise
ol ;525 15 39290 Lz gr)98 (e s e S (Seolindge
5955 0 518 s )5 MHD L3S LS (6550 s L
Olrie So8 2 e g s (2l (235L 2 S5 sla il
Ol G GRIB R (ol @ Wisd oo b)) o5



VF.¥ Wo)‘su.lb)sﬁ ‘WS{ o)Lo..i'J ‘f’?““ﬁcs""JL"”

[VF] 05 oolimal alwy ol jos 58 Lowsdly b >

oIy $ilwealia

"){
a) : -

— ~  —
a 1 15 2 3 4 5 8 7
ko MHD Ay JpepeS 0¥ ewmenlid 3

&'yl alikae MHD

s b ol pod Cgy98 j950 SOl Sled ol ¥ S
['#] MHD ,i5,Ls 5!

Cogyg jPige SU (Swoluogey 4y Judxi -V

551 6553955 Ll oo el allie nl s Lol as
oladyle sl iy aslllas a4 5 i glosde gl cpl a5

o ol el oads a3 8 L o 05,18 (65,0 ks ] o
5955 (sod Hh5 o) alafie mhaws I (5 kel (e
9 o0 2R Sl ige 2 (6399 Slem Ol

oxd bt g wly by, 5l ol 9 a1
9 )b dale sl Ll 092 (oo osliinl Cgry58 slaygige
3 rgys8 sige 4 oals adlol sla i 4o lap (y9Ses (sled
g oo oolaiul Loy, oyl
w50 o Ll OVolae ell 4 1000SS 0 jwdigs (e
23l (oo Sl oS Lad Sl ks 0aiiS ojigr ien yo [VY]
3055 slos s Ll ogai S5 By o o151 s (o0 5
il oo Cawds (V) abal)

Toa

Torp =7 M
M =g

5 ookl b Mngg)) 8T gl ps] s alal) (pl jo a8
69935 0Lz AT 5 558155 bwgs 0ol algi (29,5 Oy
3 05 A s s R al 055 (oo bne

V0] sl (639,55 95w (T 4 MHD 551 55 ol

l:)elec

= — M)
"IN(g) C, Toq

5 (Oly e ) MHD 55155 (29,5 0l Pelec ol ,o &5
pr Olyz 5 a5 el e o1 > 58 slos Toq

Sl gudige & pES

&l Gl ygige ()l g9y Gl sle L) 5 S
o 31 00laiil Sdgus ol § Sdgus g Slo Co sy
23 ,LS (655l s 38l 0il (0 MHD L35 ,LS™ (655
Gz 5 (Ml pogie ( Jyars 55 (e 5,58 L MHD
Lol plade Cu e aw l)ls aS was o &)

@ aS ars (oo ojlal Cg el slaygise 4 e ()
Cogw s S S5V B e Floaly o pglae ok
Al e g S e edlitl (g ae sl a4 Sy ue
2l pgate Glrin e G Gl @Y Jely
ool JoSis ol iz aw I MHD 38 LS (655 pians
30 45 0aiS 03uder (e oo -V il w e I 5 4 aS
Ll )5 6395 Glyz a5 ol (ol a8 5 )15 55350 (695
L obor J5sS Cupe 5 098 (o0 05 (omabline (e b
Sl (e, 51 YL 5 b Gl cnl ST o el
Oley Dae (b YL 5l (] jo a5 09d (oe ofe 4l oL
2 o slge gl Gk ol 5l 09d (o Jlesl (aUsS
MHD 53,35 olis -V 095 (00 050 Sidgun yygus Sty
Se Ol a5 0l &Bly jom eSSl K3 g 5550 ol 0 S
eV Sl @5l 9 08 (oo Jos 0lyz J5uS olws
S e L)_‘.al., MHD oaias Gl g 059 Lo olKiws sl y
MHD 5155 g ol ourlolineg iUl (slaglace
I 4 Al 4 e e (699,9 by J0S 4 0B
S MHD 55155 058 J 58 pite amain b ol 2 a5 ol
basgs Wlgh (g0 a5 el S5 slos (25 sl @il ef alis
D9l 7Sk el pelas g ol Jlosl punblise ploce
Ele o 6955 lop ,Lad g Lo MHD 55155 olfis (50 5o
Shles Jlid g Lo o3 oy g 2o (0 Gl 1YL slo
MHD sainaslis¥ S (oo (ol |, Srsyss 55550 S
79> S Cae s 9 a8 518 S50 K3 5 (o5 5l o oS
I @ode Olrin Gops oSy (pdy g 2o (oo Gl
SG olyen 4 1) i ol 51 oles (F) S5 000 oo il 3
[VF] aes oo plas cogys8 9350

G.JL..;] Jal 131 ai e i ol 51 oolainl e doecis d
Sy Sl a5 Wb (oo 1l Gl alaioe 4y (63959 Ol
Sl Zusgazme I ol g0y (3l il alads o (651 lenily
(oorbliseg SSUl sla (oo cpgd 098 (o0 a5 Slge p Leo
6395 3 Slr sl Sy ) Cews b asily go 0ads Jlosl
Sone ) 2Lk 5l @) o Ses Sgu el Siges g
Ol 9 oS Lad S8l alS cely amisys g onisn

S g pae gd b Bg) ple 4 Ced (g,5]

YA



SSlSe (i 85

9y (ubline Gloe (B 92 IS ol o

S Hsboles Wil oo pgatte Gliin S5 G350 Heee
Ol Gl LY Fle 3 0 0gd oo abax>de () IS
Lol 092 walyz Glin (5550 50 (8 4355 g (bl
Goys Plasl cwoblon o (ulpl boas o4 Y zlo 5
e Glriay S50 GRIP) Cnl k(o0 I 58 Ol A
Rl 03lg0 w4y (olS (publise plase Sl g 09 walyss

1 T
------ Mach 1.0
0o Mach 1.5 H
------------------------------- Mach 2.0
osl Mach 2.5 5
------ Mach 3.0
orp | ——— Mach 3.5 |
N A Mach 4.0
:E_’ 0.6 Mach 4.5 |4
§ Mach 5.0
E 05k TR Mach 5.5 [
= s \\ ——— Mach 6.0
E_E 04L o /""‘\ = Mach 6.5 ]
\ Mach 7.0
0.3} i
02l 1
01f i
0 L L.
0 5 10 20

Magnetic Field, T

S5 P (Sesldge a5 ot mli 0 S
[Vf] st Lawgs Allison J-102

M=1 M=1.5 M=2 M=2.5

M=3 M=3.5 M=4 M=4.5

M=5 M=5.5 M=6 M=6.5

0.9
0.8
0.7

0.6
0.5
0.4

(kN/(kg/s) ) Logame coslys

0.3

0.2

n
0 Al

5 10 15 20
(T) (omboline Hlae o

o

C 9,8 HPge (Semelnoge i ad > o il £ S
ol ins ) oaal coway Allison J-102

yva

Oen 9 6k e 5902

[VY] &= 5 55 Pelec ol MHD 5155 a5 (555,5 (sl

Pelec = OU*B?k(1 — k)AL )

B dsa cep U dsa S aSUl colon oo 0 Gl o as
ol b o K oSl e gy gumblize Olde ol
ghic gho Ag 5 953 (o (23 +10 plp Vgexs a5 un
23k oo MHD 531,55 Jsbo L s MHD 531,55

solizd L MHD 55135 25,5 L2 5 Lo MHD 931,35
[VF]ogs oo dmlne () 5 (F) Lailg, 5

To1s = To12(1 - nN(g)) o

P Y/y—l
fo1s _ (1 _ T1N(g)> )
Po12 Ns(g)

il oo MHD 55135 Siyg 55551 ey Ns(g) ol 50 &5
955 0 oo adg (6550 a5 Ll 5l MHD sucdoolii
az 50 Gl plpls sl co OB pae saias s .o MHD
T Ul plp Lisu cnl 0 oS JLid Cand 5 (g5 &)l

ro
lec A
Toe = Tos + ;‘2: &)
p
Py ¥
P (1 + sy Nnga) )Y ? 4y
ns

23l oo MHD sacasclis Syg 255l (leaily Nga) o ,o &
oAl Ll Cagny95 sl gige 50 10 ity (69 g Ao
Gy jlid 51 A0 2l g o8y lade 5l Lo i) aex )

V7] &l e

F=mni,[(1+f)C,—C,] +A.(P. —P,) M)

el o9 (s Ll ¥

Gl 00l plowl gty Lass dia ol o sad alnil L S
axlllas Allison J-102 |gi50 (55, 5 995 allis ;o st [VF]
B98le Cxgny55 H99e S AllISON J-102 5550 .l 00,5
0) JSo 09l (o0 colaiul by Sige (55, p a5 Cewl Sgo

) )95 soge (Sunliadga i 43,2 990 )3 g Gofiod ol
Lo e olad



VF.¥ Wb)‘sdo)sﬁ ‘WS.?. G)Lo..i) ‘f}‘"}gs""JL“’

leo ST a5 wimo o las (V) USG50 99250 slo oolo
@ oeblide lae jo @il Gugls VYo 5l alados
eyt Ol o YO Fl o 5 Md AT o ja8

b o al58 VY YN/(Kg/s)

M=0 M=0.5 M=1 M=1.5
M=2 M=2.5 M=3 M=3.5
700
600
N
; 500
% 400
a
g 300
<
=
200
0 ya\
0 5 10 15 20
(T) (rmrblitn e ot

Czey9 si5e (Sealudge i a > Jolod s V S
Toiim=1200 K ,s TRI 60-1

M=0 M=0.5 M=1 M=1.5
M=2 M=2.5 M=3 M=3.5
M=4 M=4.5 M=5 M=5.5
800
700
600
2
3 500
é\ 400
k)
@ 300
(L)
~
< 200
z
0 ~
0 5 10 15 20
(T) (ol plage o

S, 590 (Saeliudge i as > Jlod mls A JSG
To1im=1400 K ,s TRI 60-1

49 ab ORIl nglS Ve - @l daios slos ST >
Elo 0dguzo 5 g Ol pien (S955 mopp aglS V-
d9>g0 sla ools .28l dalgs ioliEl 55 jeige Sllas
Byl abaases glos (ST a5 v o0 plas (A) S5 o

SSlSe (i 585

5 oads plowil Ll g a 528 o 51 8L Lol (6l
plil (L3 059 claly) 5 g, (et Sl oslaiul b ol (ol
5 (0) slo S jo a5 jsboylas .y )5 1,85 gty Lo 0ol
S0y Hlews G g0y 5 @l 09l oo saaline (F)
ool cde 4y wilgs o o2 39250 SWl WS g Al oo o2
2ol Allison J-102 e 4,65 55590 (5,15 Sledbl S5

TRI 60-1 >3 y95 ygig0 b Judxi -0

Slles Ll ;5 LTRIB0-1 g5 j590 55, 52 allie cl 5o

TRIB0-1 550 Sllas Ll ) Jya

P =88 kpa 89,5 Sler jLad
m, = 6.12 kg/s 9o (b, (20
c=1s/m lgo S S Colan oo
L=1m MHD 5155 Jsb
A=0.1m? MHD 451 55 adaie zxlan
Ong) = 0.9 MHD 55155 Sp 551 oo
X = 0.05 lpoad Spo (S S 65l Ol
NS 0 (e
K=05 3,6 b oo
e =3.7 g oS (gSm HLaS o
n. =038 230505 Sy ] lewd
2 45000 kJ/kg ES g &)l S5
N = 0.85 s Syl plead
DN = 0.9 MHD sacmoolis Sug,ip] ol

$30 s MHD s 203k 5 J5e slo oyl callio ol 5o
sl sy ol oad b)) oy it S92
oy o Ve KUENY- e Kl gl adaase glos lai]
lod dx )0 e (pl 090 adeio B gl e 0oly iulial
o ol bl n) sbyyloged .clls walys 1, SIS 2STas
Flo olael 3l rwg b (6l y g 3l sl alaiors slos 08guze
YeoU ol guablisoe gl aes o L GLY LYV
oSl colas oo ph saloges (0 a8 ooy s

Sl 0als (5,8 Vs/m ply len



(N/(KG/S)) ogase ol

Sl (g 4528

Ol 3 s slo e o 45 28,8 JLas 0 331, o

oolazwl la cﬁ‘s ) oW 4..3[) w.:alf ).a.s )3.79.9 ‘_g..\.a.‘y )..5‘..\}
Sl W)l Sl S3ls 0 3y 4 1) Sgrs s5ise

— \=0.5 M=1 em—M\=1.5

—]=2.5 e V|=3 e \]=3.5
M=4.5 e \|=5 e V|=5.5
M=6.5

0 "

0 5 10
(T) b plos

Cgnsi 5ise (Seelindge s as > Llod mls A JSo
To1im=1800 K ,» TRI 60-1

15 20

M=0 M=0.5 M=1 M=1.5
M=2 M=2.5 M=3 M=3.5
M=4 M=4.5 M=5 M=5.5
M=6 M=6.5 M=7

1000

900
800
700
600
500
400
300
200

100
0 5(T) oubliis glgee 202 15 20

Crgns H9ge (Sesludge s 4z Ll mls V) S
To1im=2000 K ,s TRI 60-1

!

(N/(NG/D) ) P yae Sl yd

Oen 9 6k e 5902

Sy gwablioe Glawe jo ol il58l S VEe e oy
N/(KQ/S) Logase oyl i 59, ¥ Flo 40 ¢ D AP
b oo Gl VAR

M=1.5

M=3.5

M=5.5
900

800

700
600
500
400
300
200

100

0 5 10

(T) (omboline flase S

Crgns H9ige (Saalndge i 4 > Jlod ol 4 S
To1im=1600 K ,s TRI 60-1

15 20

sl Sl ogd o onalin () UKo 50 a5 jsb len
@ mrbliie e jo Bl (nsls VFe e Gl aliior
et Ol 6o gl 0 s AT 508
abaze glod oogume ST .l oo ial38l V- N/(kgls)
oy 3o S @l b SRl GaslS VA a Gl
gl o 0adlie (V+) JSS Jloges 10 a5 ol len sl walgs
o VIO Flo 13 5 M AlS & jd &y pmmpbliio lage 4o
Ao b e Gwlidl YVON/KGS) egase i
abaasrs glod ST 0gd oo oumlice (V)) S5 ;0 aS sbjlen
Ol oy Lali8l 55 F 2l jo il oS Ve oo 5l 2]
ol 5o rpate Ol So 5 93,5 (o0 oualie pogate
23 a5 0,5 axg Wbl oo ol YFY N/(KQ/S) e oo
Shosliiul b ogase Glriay 595 50 ol @ ¥ gle
Ol 3 oslaiul .cusls walgss 929 cwabline slo o
Sl g ol G o Y o Flo yo cwblss
38 e OV 5 (V) ) «(A) (V) sl UKo anslio b
3l Az glos Ll L a5 Gl Caws i ol 4y
Gl ol Lol ol asdly al38l 55 55ige (Sliboe Elo 03g00ne



VF.¥ Wo)lswo)sp‘w& Q)LA.A::J af}ws‘stLw

M=0 M=0.5 M=1 M=1.5
M=2 M=2.5 M=3 M=3.5
M=4 M=4.5 M=5 M=5.5
M=6
1200
1000
) ﬁ__.______..._~____-
J 800
> 600
g
Q
4
< 400
z
) %
0
0 5 10 15 20

(T) MLM Ol s

Crgns Heise (Sealudge i ad = Julod ol VW IS
g oS HLid oo 9 10 1im=2000 5 ciboline TRI 60-1
Hc:lo

Sl calae oo o MHAD 55155 ol )0 5500 fge sl
e Se I CekS adlbee 00l ogde sl
@ S R o8 4 el js Seeliasg jaiegtiSe
Sy Sl (S S by ol Cols Sl &5 (658
Ao, ghls Wl 58 by G oS gole jshaie a4y oyls
S Koo ke 4 a3l ote b b gle oz b 05,50 sl
e (Sopsdl Colan o pd Cwond cnl )0 090 ojde
2 bl cnl 5t B ogd seools a3l 0s/m 4 ) s/m
Sgis aseie MHD g o Slos
Colan STas aes o Lis (V) s (OVF) Gl K0 anglie
o Jloel umgblito e s Gl il 8 Isa S, S
D)8 b (gablise lie () el il (o 201 55 390
@ 550 el cpl (e )0 g dalem Sosle L s F LY
s> MHD (6550 538U s 09 G205 55 (2l
Sl il 5 orsn Hoise 4 (5399 Slpe 4z e (ulple oy
N/(Kg/s) Liul38l cdlo cpl 1o 09 anlym> 5 cawlin a3
M YIA &508 4 cwnblise laus 10 ogaste Cawl 5 Ve
VID plp (Stopw 30 o5 020 (oo 0l ol cpl il (oo (B0
b @ o ) ol oy o0 PNY KOS oo b Fle
s WYY Jlde s MHD 3515 (6550wt (94

ol ol

SSlSe (i 585

5 Sl Gl 5o Fhe Gl ple owyp & J
Gl s oo aiSls y MHD )38 LS (65, piacew o Slos
LS Sl s 5 55590 42 ($99)9 Sl9a (20 Il jelate
PS50 s ol 05 (asuiie B ools 1ok 1) jom S
S sk ples SIS aleS (i 36 5 a3k o )gise
@ 99,9 Slop (20 Gl L osd ge alaxde (V) S0 o
5L 050 (smbline Hlae Yo KO/S 4 #VY KO/S 5l 5550
sl k> JB jsb 4 5.5 MHD L35 LS (65 5wt 61
BVE a8 b sl (e o2l el il azily gl
S8 a4z b alply ol lpds g o (5l Slas VY
@ 47 2 A S Gl az pl 4 OV) 5 O)) la
655 s 5 ool (gl Wl yieST 9350 4 (5995 e
S daly> s MHD 35 LS

O A6 058 (o 0010 [al8l 508 jLid Cond (19:5T
5ok 095 gy MHD 35 ,LS (651 s (59 2
i s il b s o eanlie (VF) JSb 0 oS
il iolS gads Cenly STas Ve @ TIV j gmpeS
0 Sy a5 ol (V) 5 (V) lo U anslie b .ol
Sl ol S S L s Gl 5 ]
b o Rl s Slles Flo odgaze ()] L olyen g
oS 2leysise slp MHD 35 ,LS (655 g Calaly
g2 W8lgS 5 calin WIS (5 eS g S HLAS Cuns

M=0 M=0.5 M=1 M=1.5
M=2 M=2.5 M=3 M=3.5
M=4 M=4.5 M=5 M=5.5
M=6 M=6.5 M=7
1000
900
800 —
2 700
3
i 600
5 500
@
G 400
2
~
£ 300
200
100
0
0 5 10 15 20
(T) (oombline Glase ais

Crgns Hoise (Sealudge s as o Jlod mlis VY IS
ma=20 9 T0|im:2000 59 TRI 60-1

fY



SSlSe (i 85

ks &8, slr Wl o0 el wdy (Sopsl g @
S 50 Aoy yuliyu jo Lodly by J5uS aloa I il
oS J 50 Sl Ol oo Oeizred 0,5 18 ool
Sl 3 59,8 o585 MHD saips QLS (6,050 LT, 56 50

b Gl gadss

&=l =Y

[1] D. Musielak, “Scramjet propulsion: a practical
introduction,” Wiley, 2022, doi:
https://onlinelibrary.wiley.com/doi/book/10.1002/97
81119640646.

[2] C. Segal, “The Scramjet Engine: Processes and
Characteristics,” Cambridge University Press, 2009,
doi: https://doi.org/10.1017/CB09780511627019.

[3] R. D. Flack, “Fundamentals of jet propulsion with
applications,” Cambridge Aerospace Series, New
York, Cambridge University Press, 2005, doi:
https://doi.org/10.1017/CB09780511807138.

[4] A. Ingenito, “Subsonic Combustion Ramjet Design,”
Springer International Publishing, 2021, doi:
https://citations.springernature.com/book?doi=10.10
07/978-3-030-66881-5.

[5] V. Patel, S. K. Kassegne, “Electroosmosis and
thermal effects in magnetohydrodynamic (MHD)
micropumps using 3D MHD equations,” Sensors and
Actuators B: Chemical, vol. 122, no. 1, pp. 42-52,
2007, doi:_https://doi.org/10.1016/j.snb.2006.05.015.

[6] S. Derakhshan S, K. Yazdani, “Numerical analysis of
a magnetohydrodynamic micropump performance,”
Modares Mechanical Engineering, vol. 14, no. 13,
pp. 251-258, 2015, [In Persian],

http://mme.modares.ac.ir/article-15-6410-fa.html.

[7] M. Pourjafargholi, “The role of electrohydrodynamic
and magnetohydrodynamic methods in aerospace
industries,” Mechanical Engineering, vol. 27, no. 3,
pp.16-24, 2017, [In Persian],

https://mmep.isme.ir/article 35416.html.

[8] F. Razi Astaraei, M. Samati, “New Magneto-
Hydrodynamic Technology for Power Station
Renewable Electricity Production,” in First National
Conference on Environment, Energy and Biodefense,
Tehran, Iran, 2012, [In Persian],

https://www.academia.edu/5814854/.

[9] M. Neghahdari, I. Shafizadeh, and A. Enayat, “Using
Electromagnetic Propulsion System as Submarine
Propulsion System,” 14th Marine Industries
Conference, Dec. 2011, [In Persian],

https://civilica.com/doc/473676/.

Al

Oen 9 6k e 5902

M=1.5
M=3.5
M=5.5

M=0 M=0.5 M=1
M=2 M=2.5 M=3
M=4 M=4.5 M=5
M=6 M=6.5 M=7

1000

900
800
700
600
500
400

(N/(KG/S) ) Logases ol s

300
200
100

0 2 4 6 8
(T) (ol e

I 90 (Seelindge i a2z oo mli VY S
oyl g To1im=2000 59 ‘S.M.JoL_M TRI 60-].&?9.))53

0=5 g S Sl colow
S 3o s -

Ol Sealang e giiSe piens I ooliiul S )
(G (nl 0 g Hrge Sl Slles Ele sdgue
Ol g 41 gmblioe lae SO Jleel a5 aoo oo Lt
0590 0 |y ogae Ll ST BT Zlo oogame ;0 Sigus g
P oo LlBI YTY N/(KQ/S) b aslllas o900 50595
Sl ly Slles Flo oogume Wlgi o (pizmes MHD L35 LS
Jelos cnl jo a8 jsb plea wes Gl S gyyei 9590 S
Gy Sl Vb ety MHD (g 5li8 i ools las
3929 celio Jasl y i a8 T b b as s lo ¥ b gllee &SL
oslS Yoo b1 s aldioe sles olg g sl ansls
Sy pge Slajlyy o Wlsi oo MHD (5,5L8 ols (2133
selez Jlis a1y 5 bl 5 09d 4185 )16 Sdguyle
el

Sl oo RalS 3l abize 4 (5355 Gl (T 0
Os @l alime 5o (6550 leadly (il csl 055
B3 (oo (88 Slge 2 Lo sla Cadgaza 5l el

o> gy g oud Jlosl (canblineg xSl la (oo @
S 39 G Ly heige (b sl )15 o ,Slee il o0
2525 il Sdgus ;oo Sdgu pgas (6393 50 (b= sl
2 el Olheess g U5 ,lad il falS el a0 a5
2o oo 50 hlug b anslin ;o (55l 00,28 mhaw lea



VF.¥ Wo)‘swo)sﬁ ‘WS.'{ c)Lo..i'J ‘f?“’9(5""u‘t“’

Technologies, AIAA-2003-6922, 15 - 19 Dec. 2003,
Norfolk, Virginia, USA,
https://www.researchgate.net/publication/268555232.

[14] T. L. Benyo, “The Effect of Magnetohydrodynamic
MHD Energy Bypass on Specifi Thrust for a
Supersonic  Turbojet Engine,” 48th Aerospace
Sciences Meeting, Orlando, Florida, USA, 2010,

https://ntrs.nasa.gov/citations/20110002743.

[15] M. Hagparast, M. Alizadeh Pahlavani, and D. Azizi,
Diako, “Finite Element Analysis of
Magnetohydrodynamic Propulsion and the Effect of
End Channel Electric Current on Efficiency,” Applied
Electromagnetism, vol. 4, no. 2, pp. 26-37, 2015, [In
Persian],

https://elemag.ihu.ac.ir/article_203379.html .

[16] B. Vasoogh, and H. Kargar Sharifabad, “Numerical
investigation of the effect of magnetohydrodynamics
on the ferrofluid inside the cylindrical channel,
Mechanical and Vibration Engineering,” vol. 7, no. 3,
pp.65-74, 2015, [In Persian],

https://sanad.iau.ir/Journal/jvibme/Article/934216.

SSlSe (i 585

[10] P. A Davidson, “Introduction  to
Magnetohydrodynamics,” 2nd ed., Cambridge
University Press, 2017, doi:
https://doi.org/10.1017/9781316672853.

[11] K. Shoji and F. Jun, “Fundamentals of Astrophysical
Fluid Dynamics: Hydrodynamics,
Magnetohydrodynamics, and Radiation
Hydrodynamics,” Springer, 2020,

https://citations.springernature.com/book?doi=10.1007/
978-981-15-4174-2.

[12] R. J. Litchford, J. W. Cole, V. A. Bityurin, and J. T.
Lineberry, “Thermodynamic Cycle Analysis of
Magnetohydrodynamic-Bypass Hypersonic
Airbreathing Engine,” NASA/TP-2000-210387,
2000,

https://ntrs.nasa.gov/citations/20000095934.

[13] 1. M. Blankson, and S. Schneider, “Hypersonic
Engine using MHD Energy Bypass with a
Conventional Turbojet,” 12th AIAA International
Space Planes and Hypersonic Systems and

A



FO-V e amio VP Coignd)l g oys,8 OF ol ojled ) o)l FY 600 Sl oo gyt
ISSN: 1605-9719 Ol nl Sl lwaign (ol sode a4y
DOI: https://doi.org/10.30506/mmep.2024.2016613.2150

ISME
Sy b dig 81 sl sLg3L colw g (2lpb 9 (55950 s L ol
ms.ub e
* 6 o L e
bl

1. 35g Lol (o olg e 0 5olSe s oy 3l 469330 s slog il v .
Alaigh (oo obml (pledg (laie 42 (Slge o5 4*-?:'u~’-'j°-’-.t-?r°—‘°63))“5)5 Dl (SR9HL odu (oo § (s2b 0uStils
Dl oo A Aiwgml SO, b gl les slogil Ll 4 wiil atwgnl gl pl sle SKles slas axly (el of3T oSl
S s Jyare Clo dr G g axted S50 bl dgame Candg i 4 g atugnl slo Klas [l 0 s
Caogml lagil ;o cwyws LB bl oloxi .a)ls (55065 Caad g YL o ilinn (6,031,585 ool
Wil slogil 5l oolainl g 098 colatwl vy om0 b ooyl 5l a5 05 o 00ls zuz 3 o)lge el o
(@ 1S« Sow 0ol all> g0 slo Kl l oolainl ol Jls laie 44 05d 0 Sgdote col> o)lge 4
3Ky Brlas (olad sle (g5 o il 5l lsm s ey bagil 43 ol 50 ol (6551 Brao b g 5
0SB as o by opl 5l ilisee gl allie (ol o 0,8 ooliiw] by (jsel 5 Sl (s (90 b
sai] ,o b Gyl ol 5l B ol salgd pwyp il aS Sla el g sk Ll sl ool asle & 90 Ao
QS oolaiwl b Dby pl sblie 5l g oS (2hb 1) (650 0 )lse ailleny VEY/e AU rdl e
VEYNYN S o555k
Aoyl S o0 clls g0 glo Klos igidl Loy slagil b, colu 5 )b Lol by o3lg VECYNYIYY o pdy

Gholamreza A review of the design and implementation of
Khalaji  discretely actuated hyper-redundant manipulators

Associated Professor

AIirezg Abstract: Hyper-redundant manipulators are created by stacking multiple parallel
Motahari*

Assistant Professor, mechanisms as modules. If all the actuators of these manipulators are of the discrete type,
Saveh Branch, they are called discretely-actuated hyper-redundant manipulators (DAHRMS). Discrete
Islamic Azad actuators (DAs) can only be actuated in a limited number of states. DAs have simpler

University, Saveh control, more repeatability, higher accuracy, and a lower cost than the common continuous
actuators. The number of accessible points in DAHRM s is limited, and they follow the paths
segment by segment, at a non-uniform speed, and in an approximate, not exact, way.
Therefore, in most cases, it is preferred to use continuous manipulators, and the use of
DAHRMs is limited to certain cases. For example, the ability to use simple, light, compact,
cheap and low-energy-consuming binary actuators in DAHRMSs has made it possible to use
them in space exploration, medical applications such as robotic endoscopy and robotic
training. In this paper, different types of DAHRMs that have been made so far will be
reviewed in terms of their design and capabilities so that designers can design better things
in the future and use the advantages of these robots.

Keywords: Design and implementation of robots, Hyper-redundant manipulators, Binary
actuators, Discrete actuation
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