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In this study, the performance of a turbocharged Mazda 13B Wankel engine under high-altitude flight conditions was
investigated through numerical and experimental approaches. Due to the lack of dedicated software for precise analysis
of Wankel engines, a geometric and functional equivalence method was first developed to convert the Wankel engine
into an equivalent piston engine model, enabling the use of conventional simulation tools. The equivalent model was
simulated in the software based on the conditions of the main engine test setup, achieving an average power discrepancy
of less than 5% between simulation and experimental results. After validating the baseline model using laboratory data,
the effect of flight altitude on engine power output was evaluated for both naturally aspirated and turbocharged
configurations, particularly in scenarios where experimental test results were unavailable. The modeling results indicate
that, without a turbocharger, the engine power at 18,000 ft drops to approximately half its sea-level value, whereas with
a turbocharger, the engine power remains nearly constant up to 30,000 ft, mitigating the power loss due to reduced air
density. It can be clearly stated that in this research, the numerical model of the Wankel engine has been developed
based on existing piston engine models and validated against experimental data.
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Table 1 Specifications of the 13B Wankel engine [31]

Row Parameter (units) Characteristic values

1 Max power(hp) 200

2 Max RPM @ Max Power 6350

3 Max torque(N.M) 212

4 Max RPM @ Max torque 3750

5 Displacement (cc) 654x2

6 rotor Width (mm) 80

7 rotor Radius (mm) 105

8 Eccentricity (mm) 15

9 Compression ratio 9.76
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Figure 1 Geometric parameters of the Wankel engine compared to the
reciprocating engine [32]
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Table 2 Geometric specifications of the equivalent piston engine.

Row Parameter (units) Characteristic values
1 Cylinder diameter(mm) 137
2 Cylinder stroke(mm) 44
3 Connecting rod length (mm) 105
4 Compression ratio 9.765
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Figure 3 The engine under consideration on the test bed under laboratory
conditions.
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Figure 4 Schematic of the engine test facility used for testing the turbocharged Wankel engine under high-altitude conditions.
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Figure 5 Variations in manifold pressure relative to throttle changes
obtained from experimental testing and numerical simulation.
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Figure 7 Comparison of power variations from experimental testing and
1D simulation at different altitudes and 100% throttle
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Table 3 Specifications of the baseline engine test at an altitude of 5000
feet.
Row  Propeller RPM Manifold pressure (mbar) throttle (%)

1 1950 650 30
2 2100 750 40
3 2210 790 50
4 2206 807 100
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Figure 6 Comparison of power variation from testing with 1D simulation
at different throttles under sea-level and 5000-foot altitude conditions
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Table 4 Proposed tests for the Turbocharged engine using software and the obtained results (DOE table).
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Table 6 Statistical goodness-of-fit analysis for the percentage changes in
ower and manifold pressure generated from the Design of Experiments.

Standard Deviation b 8.12
Coefficient of
5.89 1.06
Variation (CV%)
Adjusted R* 0.99 0.999
Adequate Precision 52.8278 183.1153
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Table 5 Analysis of Variance for the percentage changes in power and
manifold pressure generated from the Design of Experiments.

Sum of Squares Sum of Squares
Power % Manifold Press. (mbar)
Source
F-value p-value F-value p-value
% % % %

Throttle 2173.31 0.0015 18654.94 0.0001>

0.99 0.0001> 86.86 0.0001>

B? 23.38 0.0001> 378.99 0.0001>
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Figure 8 Results of the power test based on two factors: throttle (A) and
altitude (B).
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Figure 9 Results of the manifold pressure test based on two factors:
throttle (A) and altitude (B).
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Table 7 Investigation of model uncertainty in the measurement of power
and manifold pressure parameters.

Manifold Pressure

Power Parameter (%) Parameter (%)
0

Source Contribution Rel?ﬁv? Contribution Rel.ativ?
Contribution Contribution
% ° %
Intrinsic Model Error 3.76 89 8.115 48
Throttle Sensor Error 1.74 7 7.65 45
Altitude Sensor Error 0.62 4 1.25 7
Combined Uncertainty 4.23 100 11.02 100
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Figure 10 Modeling of the equivalent piston engine for the turbocharged Wankel engine.
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Figure 11 Comparison of experimental power variations of the
supercharged engine with 1D simulation at specified altitudes and
throttles.
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Figure 13 Performance curve of the turbocharger compressor at 100%
throttle with increasing altitude.

by 3 SS9 s9ige 38eas Gupy sobieds (Glagy ol 5
Gl 33 5 G gladal=d 5l slaegaxe (gl gl
HSloc 0jg> 53 gilie 39005 4y azgi b ad olxil 13B Hgi50
sl 53 peo o8 (gl ool dmugi daygige £33 ol Gelas)|
Glel slagsTss 51 oo sladd 4 39250 amgls Wb 13 5
25350 =Bly el szl 5 bk 4 olsice ol Limgs
3Sloc gy (s (0 Eiulej] it dnuwgi glasyl ;5 JSSg
orized 9 Jolae Jio Suoalxl b JSSg 59950 (59 55sWb9195
oLl Lys ahawyad basldd 53 59990 liles (glaosls SOb sl
35

e el oadgsloand bl 53 Glagsesl (o 51 5
oS byl sskhieds w8 elail sadylsy 5 b g
liyiahly (gl conld e il LT & 1531 ol 5 Laosls
s¥ige ol IS washd pas olul gl sl bl gaulS
L e Ssdaio jLad sl g weps TV L il o §5Ldgny08
sl Jao (Suner colid orizen 38 GBS bl VoY
g osly cuvlio wds swmaplis lgi g ,Lid yohl 93 4o
Slaimlyb (sl S50 Wosls eyl el lagyT 4y bl ol
3555 518 Lo gLyl baglyd 53 o]

abdie (5,25 glaylpl o5 Ll 5l gase siledie pid 5
990 b Jolee (Jae )l sszg S0y gige Julxi sl
2l ol dmwgi julw (b dleler GuiSpged,
sdimdylisd S L esly Gk (=i gleesls Lo silwswe
L0330 51 1aS 5 by y5i90 (sl 20yd ¥l a8 (SSkie gl
e aals 31 31,3 Gl )3 e oo 392 0lysB s5T50 sl

Modares Mechanical Engineering

oxis Bla (S casgame sy wlebs a8ly Jawiliy

!

-
w
o

= Turhocharged Engine
——e—— Naturally Aspirated Engine

—

|
|

[{=]
o

N

1] -~
o o
IR | T

Normalized Power (% of max @ sea level)
w
o
T

o
o
I

1 L L] | - Ll T L Ll L I |
1] 5000 10000 15000 20000 25000 30000 35000 40000 45000

Altitude (ft)

] wlynsi b gheda 9 4l seige oles @l W JSS
Figure 12 Variations in power output of the baseline and turbocharged
engines with changes in altitude.

adly Glal3sl 55lisns se3 Jem HLid ials g glasyl aaliél b
bi> jgupaS 29y HLid 9 b Glali8l ssmpeS HLid caus B
o i W S 53 555 Lg1)95 s9mppeS (s los bl 590
L Jm ¥ gls) 51,38 L 45 350 sanlive JSi5 ol 53 oanl
b5 3105 o5l jsmyaS g oy 55l 595 dinddion 1 5590
6l 2w 5L glaygs 4 )Lid <l gl (sl ) 395 (g3,5es
4 395 didien) )93 53 y3uppeS e 45 39 0 camliio (e
ELI 51 pmg e (5l 39850 gm0 LS i Hlade Sy
e Glie oudighea s9ige plsd oS Ab eaalie Lylie Y

S e bl dldio o by (udillgn y5i50

Gk ge -4

51 oSy JSSs slasise 51 esliiul Uy YU £lasy) 53 jlsp casan
oS sphilan 1B Guinp OBIS ool 5 5 g1 (sl wlegidge
L1 bl 55 (61555158 (sl 3 JSg (slanygige as ataS WS
3¢ 5lo)lS s 3game a9 ol 0 (8 3390 (5519
i) 53 (el ) Liwly e )3 sl 039y (g5lodand 5
eygeo 4 dlie ool (slasgliws o wé S wige JSiy slaygige
D90 T 53

Volume 25, Issue 06, June 2025



FUEYES) h
S jee Hous
Bl 4095 in
Sl e out
Vo4 dly Slaiso 4 Cod 589, bl pr
299 r
Gl dbize Sl mhe  sideplane
059y 89) <o gl sr
iy th
099 g oS
Sl g9, 4l 0

Giagh dols dlie ol ale wlhgine 851 dyanli
sadd yictio bt 3 el 4 e 53 5 ol B’

2185 3973 LBl ol gl 28Lie By g @8lie (las

&b -1

[1] D. ]. Bents, Ted Mockler, Jaime Maldonado,
James L. Harp Jr, Joseph F. King, and Paul , and C.
Schmitz, “Propulsion System for Very High Altitude
Subsonic Unmanned Aircraft,” SAE transactions, 1998.
doi: 10.4271/981261.

[2] Eberle, M. and Klomp, E., "An Evaluation of the
Potential Performance Gain from Leakage Reduction in
Rotary Engines," SAE Technical Paper 730117, 1973,
doi: 10.4271/730117.

[3] K. J. Danieli GA, Heywood ]B, “Experimental
and Theoretical Analysis of Wankel Engine
Performance,” SAE Technical Paper, 1978. doi:
10.4271/780416.

[4] C.]. Teng Su, Shuofeng Wang, Xiaoyu Cong, Lei
Shi, “Improving performance of a gasoline Wankel
rotary by hydrogen enrichment at different
conditions,” Energy Conversion and Management,
2018. doi: 10.1016/j.enconman.2018.06.030.

[5] K.Y.a. T. Kuroda, “Toyo kogyp's research and
Development on Major Rotary Engine Problems,” SAE
International. doi: 10.4271/700079.

[6] 0. A. Kutlar, M. Ungér, and O. Cihan, “Design
and experimental testing of a novel skip-cycle
mechanism for Wankel engine,” Energy Conversion
and Management, vol. 325, pp. 119410, 2025. doi:
10.1016/j.enconman.2024.119410.

[7] F. C. Danieli GA, Heywood ]B, Keck ]C,
“Predicting the Emissions and Performance
Characteristics of a Wankel Engine,” SAE Transactions,
1974. doi: 10.4271/740186.

[8] B. Beyfuss, L. Flicker, T. Gotthard, and P.
Hofmann, "Evaluation of Spark-Ignited Kerosene
Operation in a Wankel Rotary Engine," SAE Tech. Pap.
2021-01-5046, 2021, doi: 10.4271/2021-01-5046.

[9] W. Chen et al, "Combustion characteristics
and performance analysis of a heavy-fuel rotary engine
by designing fuel injection position," *Appl. Therm.
Eng*, vol. 247, 2024, doi:
10.1016/j.applthermaleng.2024.123021.

1808 alays o oyladd (Y0 0593

ohKa g 63l3305 sy Foo

L by sise 0lst (@bt ol polel » =88 )15 oslasul 350
Os 399 a4y Lyl WA glasyl )5 g aisly halS elasyl (aaljsl
Ol s seige cilie 3 duyoe Lyd b )3 lgi Loy
LJ_,‘Jsct,soT)'luu_ggo:ﬁlﬁ.&:QJ}m%g_Lﬁ)Ub;?
LS (s 5593 yl30 W S Taz) 35 Lany00 595 53 g aze

g s olgd el

PVe Cuoygd -\
(mm),slew ;s B
ol Speabis  BDC
el 1l gy ool c
s @b 5o @l leadl, CE
Al e Al e D
MM), 555, 635 5 5l z9> e
kgs3K) plralr o) > Jil co o h
(MM) Sop550 e H
mm) ogls Jobo l
kgsh) oz 2o m
cdol sue Nu
(Pa) L3 P
(MM) 555, glads R
Vs, Re
mm) J gless r
mm?) coles s
K) Lo T

Y Speakis  TDC

(CC) pn> 1%
MS™1) abasa ;o 55 . Silo g o w
mm) &8l gbewly )5 5555, b alaine ad Slaise x
(MM) sges gLual, )3 555, b alabone 4 Slaie y
kgm?s73) o550 (3Lu0lsT ¢ 3 A
&g oide
deg) ,555, A5z 4l a
deg) jp5e wih sz al; 3a
oSy o €
kgm-1s1) 515 ey U
deg) 559, 5909, Jlie rgl; B
(deg) KL cas ayl; 0
deg) ,55, 5,0 5 ol o sl v
deg) gl agl; jlade A
ls Sips il o po Y
b 55¥l
Sl plead) cape a
g &b (27wl m
b b gz b n
oy 9552 5
s air
oy &b b
S
e S d
Ude SuilSe uwdiges sale dolinle


https://www.jstor.org/stable/44735726
https://www.jstor.org/stable/44716326
https://www.sae.org/publications/technical-papers/content/780416/
https://www.sae.org/publications/technical-papers/content/780416/
https://www.sciencedirect.com/science/article/pii/S0196890418306393?casa_token=Uwh9cYznGQwAAAAA:5gUTdoGYFOmMcSHsPQwJjLj2YeKFGkkXqNZkOw25SRP8iL7kDOHdVwMx6ePZP6Prn845AF5x
https://www.jstor.org/stable/44717947
https://www.sciencedirect.com/science/article/abs/pii/S0196890424013517
https://www.sciencedirect.com/science/article/abs/pii/S0196890424013517
https://www.jstor.org/stable/44721432
https://www.sae.org/publications/technical-papers/content/2021-01-5046/
https://www.sciencedirect.com/science/article/abs/pii/S1359431124006896
https://www.sciencedirect.com/science/article/abs/pii/S1359431124006896

Fo 3Slac iy Juo dzawgl olyam as Yl gladyl 55 13ldo187 shls 39 sgige S ySlae (ynT uyy

[23] H. Meng, C. Ji, H. Li, ]J. Yang, and S. Wang,
"Insights into syngas-fueled Wankel rotary engine
performance from varied CO/H2 ratio,” *Int. J.
Hydrogen Energy*, vol. 49, pp. 301-310, 2024, doi:
10.1016/j.ijhydene.2023.07.260.

[24] P. Otchere, J. Pan, B. Fan, W. Chen, and Y. Lu,
"Recent studies of fuels used in Wankel rotary
engines," *ASME ]. Energy Resour. Technol.*, vol. 143,
no. 3, p. 030801, Mar. 2021, doi: 10.1115/1.4047971.
[25] H. Zhang, L. Shi, K. Deng, S. Liu, and Z. Yang,
"Experiment investigation on the performance and
regulation rule of two-stage turbocharged diesel
engine for various altitudes operation,” *Energy*, vol.
192, p. 116653, 2020, doi:
10.1016/j.energy.2019.116653.

[26] G. Yewale, A. Tapkire, D. Radhakrishna, P.
Shejwal et al., "Endurance Testing for Wankel Rotary
Engine," SAE Tech. Pap. 2017-26-0336, 2017, doi:
10.4271/2017-26-0336.

[27] G.Vorraro, ]. Turner, and S. Akehurst, "Testing
of a Modern Wankel Rotary Engine - Part III: Firing
Condition Analysis," SAE Tech. Pap. 2022-01-0591,
2022, doi: 10.4271/2022-01-0591.

[28] Y. Fass and L. Tartakovsky, "Limitations of
Two-Stage Turbocharging at High Flight Altitudes,"
*SAE Int. J. Engines*, vol. 11, no. 5, pp. 511-524, 2018,
doi: 10.4271/03-11-05-0034.

[29] H. Mansouri and F. Ommi, "Performance
prediction of aircraft gasoline turbocharged engine at
high-altitudes," *Appl. Therm. Eng.*, vol. 156, pp. 587-
596, 2019, doi:
10.1016/j.applthermaleng.2019.04.116.

[30] M. Aghaseyedmirzabozorg, S. Kheradmand,
and M. Khodaparast, "A simplified laboratory set up for
testing the behavior of a turbocharged engine in a high-
altitude air engine using modeling” [In Persian],
*Aerosp. Knowl. Technol. ].*, vol. 10, no. 2, pp. 55-69,
2022.

[31] 0. Cihan, "Experimental and 1-D model
analysis of Wankel engine at part load," *Int. ]. Adv.
Automot. Technol.*, vol. 2, no. 2, pp. 77-88, 2018, doi:
10.15659/1JAAT.18.09.912.

[32] W. Mitianiec, "Modelling and simulation of
working processes in Wankel engine with direct
hydrogen injection system," *Combust. Eng.*, vol. 161,
no. 2, pp. 42-52, 2015, doi: 10.19206/CE-116890.

[33] herfert, frank. “Rotary Engine (Yamamoto -
Version of 1981),” 1981, 72.

[34] R. F. Ansdale, *The Wankel RC Engine: Design
and Performance* (with special contribution by D. J.
Lockley). London, U.K.: Iliffe, 1970.

[35] G. Woschni, "A universally applicable
equation for the instantaneous heat transfer coefficient
in the internal combustion engine," SAE Tech. Pap.
670931, 1967, doi: 10.4271/670931.

[36] M. E. ZDENEK ZAK, MICHAL TAKATS, JAN
MACEK, “IN-CYLINDER HEAT TRANSFER
MODELLING,” MECCA Journal of Middle European
Construction and Design of Cars,, 2016.

Modares Mechanical Engineering

[10] F. V. Bracco and W. A. Sirignano, "Theoretical
Analysis of Wankel Engine Combustion," *Combust. Sci.
Technol.*, 1973, doi: 10.1080/00102207308952349.
[11] T. Norman, “A performance model of a spark
ignition Wankel engine including the effects of crevice
volumes, gas leakage, and heat transfer,” Doctoral
dissertation, Massachusetts Institute of Technology,
1983.

[12] M. W. F. Grasso, F. V. Bracco, and ]. Abraham,
"Three-dimensional computations of flows in a
stratified-charge rotary engine," *SAE Trans.*, vol. 96,
1987, SAE Paper 870409, doi: 10.4271/870409.

[13] Z.Yang, Y. Dy, G. Jia, X. Gao, G. He, and Z. Wang,
"Effect of multi-hole passive jet ignition on
thermodynamic and combustion characteristics of
hydrogen-doping elliptical rotary engine in high-
altitude environment," *Energy*, vol. 316, p. 134456,
2025, doi: 10.1016/j.energy.2025.134456.

[14] M. Drbal, "Method of rotary engine
performance prediction,” *Sci. J. Silesian Univ. Technol.
Ser. Transp.*, vol. 108, no. 4, pp. 77-92, 2020, doi:
10.20858/sjsutst.2020.108.4.

[15] L. Tartakovsky, M. Gutman, and M. Veinblat,
"Simulation of Wankel Engine Performance Using
Commercial Software for Piston Engines,” SAE Tech.
Pap. 2012-32-0098, 2012, doi: 10.4271/2012-32-
0098.

[16] M. Peden, M. Turner, . Turner, and N. Bailey,
"Comparison of 1-D Modelling Approaches for Wankel
Engine Performance Simulation and Initial Study of the
Direct Injection Limitations," SAE Tech. Pap. 2018-01-
1452,2018, doi: 10.4271/2018-01-1452.

[17] t. G. M Wendeker, K PIETRYKOWSKI, P
MAGRYTA, “Phenomenological model of a Wankel
engine,” Silniki Spalinowe, 2011. PTNSS-2011-SC-014,
2011.

[18] M. Kucuk, A. Surmen, and R. Sener,
"Combustion characteristics and performance of a
Wankel engine for unmanned aerial vehicles at various
altitudes,” *Fuel*, vol. 355, p. 129483, 2024, doi:
10.1016/j.fuel.2023.129483.

[19] M. Kucuk, R. Sener, and A. Surmen,
"Effectiveness of hydrogen enrichment strategy for
Wankel engines in unmanned aerial vehicle
applications at various altitudes," *Int. ]. Hydrogen
Energy*, vol. 52, pp. 1534-1549, 2024, doi:
10.1016/j.ijhydene.2023.08.304.

[20]  C.Shi, S. Chai, L. Di, C. Ji, Y. Ge, and H. Wang,
"Combined experimental-numerical analysis of
hydrogen as a combustion enhancer applied to Wankel
engine," *Energy*, vol. 263, p. 125896, 2023, doi:
10.1016/j.energy.2022.125896.

[21] E. Renaud, M. Johnston, ]. Langford, T. Clancy,
M. Velazquez, and D. Vos, "Design and initial testing of
the Perseus A robotic aircraft,” in *Proc. AIAA Aircraft
Eng., Technol, Oper. Congr.*, p. 3902, 1995, doi:
10.2514/6.1995-3902.

[22] M. A. S. Mirzabozorg, S. Kheradmand, and A.
Roueini, "A C-programming code for selecting the
optimum turbocharged propulsion system for UAV's"
[In Persian], *Modares Mech. Eng.*, vol. 18, no. 1, 2018.
doi: 20.1001.1.10275940.1397.18.1.55.2.

Volume 25, Issue 06, June 2025


https://www.tandfonline.com/doi/abs/10.1080/00102207308952349
https://www.jstor.org/stable/44718187
https://www.sciencedirect.com/science/article/pii/S0360544225000982
https://yadda.icm.edu.pl/baztech/element/bwmeta1.element.baztech-9daeba49-188d-4521-a441-b64631b51f34
https://yadda.icm.edu.pl/baztech/element/bwmeta1.element.baztech-9daeba49-188d-4521-a441-b64631b51f34
https://www.sae.org/publications/technical-papers/content/2012-32-0098/
https://www.sae.org/publications/technical-papers/content/2012-32-0098/
https://www.sae.org/publications/technical-papers/content/2018-01-1452/
https://www.sciencedirect.com/science/article/pii/S0016236123020975
https://www.sciencedirect.com/science/article/pii/S0016236123020975
https://www.sciencedirect.com/science/article/abs/pii/S0360319923044981
https://www.sciencedirect.com/science/article/abs/pii/S0360319923044981
https://www.sciencedirect.com/science/article/pii/S0360544222027827
https://www.sciencedirect.com/science/article/pii/S0360544222027827
https://arc.aiaa.org/doi/pdf/10.2514/6.1995-3902
https://arc.aiaa.org/doi/pdf/10.2514/6.1995-3902
https://dor.isc.ac/dor/20.1001.1.10275940.1397.18.1.55.2
https://www.sciencedirect.com/science/article/pii/S0360319923037679
https://www.sciencedirect.com/science/article/pii/S0360319923037679
https://asmedigitalcollection.asme.org/energyresources/article-abstract/143/3/030801/1085947
https://www.sciencedirect.com/science/article/abs/pii/S0360544219323485
https://www.sciencedirect.com/science/article/abs/pii/S0360544219323485
https://www.sae.org/publications/technical-papers/content/2017-26-0336/
https://www.sae.org/publications/technical-papers/content/2017-26-0336/
https://repository.kaust.edu.sa/handle/10754/676214
https://www.jstor.org/stable/26562375
https://www.sciencedirect.com/science/article/pii/S1359431118380268
https://www.sciencedirect.com/science/article/pii/S1359431118380268
https://d1wqtxts1xzle7.cloudfront.net/100611224/438e76767b51992-libre.pdf?1680507362=&response-content-disposition=inline%3B+filename%3DExperimental_and_1_D_Model_Analysis_of_W.pdf&Expires=1755678884&Signature=GUjLeLto0IVWjN3lJ9CknfqUXLQ42RHR4xHnDhwGYfU2jFTspM~cnQ9yxyON5mR7CTEb7XrRwM-~by6W1oNMdBhEDo3hbh3pcN~oMwys7hJwZYl7k-rWjwKFBRCkiTw2Nb5KBqM7YyjhW5MpwGmZin8eWxauYuodIvk0cNPvZWZ6lK-qTum1Fgf1YFrPN8wng0t0npbgpcDvXydSPcp60SqRyBPwTMD2vSywxF6xZn~JGh1GIrY8qdwozk6HQsVtP1GkNnruUOHCFQiMinOTKsMaRsc2wqknEyX74gzO5~pkcAWMrfBSFNPsSyLjNsj7gQw-niBqvI0BkgGU7PLmBA__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA
https://d1wqtxts1xzle7.cloudfront.net/100611224/438e76767b51992-libre.pdf?1680507362=&response-content-disposition=inline%3B+filename%3DExperimental_and_1_D_Model_Analysis_of_W.pdf&Expires=1755678884&Signature=GUjLeLto0IVWjN3lJ9CknfqUXLQ42RHR4xHnDhwGYfU2jFTspM~cnQ9yxyON5mR7CTEb7XrRwM-~by6W1oNMdBhEDo3hbh3pcN~oMwys7hJwZYl7k-rWjwKFBRCkiTw2Nb5KBqM7YyjhW5MpwGmZin8eWxauYuodIvk0cNPvZWZ6lK-qTum1Fgf1YFrPN8wng0t0npbgpcDvXydSPcp60SqRyBPwTMD2vSywxF6xZn~JGh1GIrY8qdwozk6HQsVtP1GkNnruUOHCFQiMinOTKsMaRsc2wqknEyX74gzO5~pkcAWMrfBSFNPsSyLjNsj7gQw-niBqvI0BkgGU7PLmBA__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA
https://yadda.icm.edu.pl/baztech/element/bwmeta1.element.baztech-9d0d367d-5722-4901-9361-50491d4359f5
https://www.sae.org/gsdownload/?prodCd=670931


  ×


  (  V d )


  ε


  V  ( α )


  S  ( α ) / V ( α )


  α = 3 θ


   x h = e   c o s ⁡   ( 3 α ) + R   c o s ⁡ α


   y h = e   c o s ⁡   ( 3 α ) + R   c o s ⁡  𝛼


  ν = α − θ


   x pr = R  cos ⁡   ( 2 ν ) −   3  ⅇ 2 R  sin ⁡  ( 6 ν )  sin ⁡  ( 2 ν )


                  + 2 e  1 −    (   3 e ⋅  sin ⁡  ( 3 ν )  R ) 2   c o s ⁡   ( 3 ν )   c o s ⁡   ( 2 ν )


                  + 2 e  1 −    (   3 e ⋅  sin ⁡  ( 3 ν )  R ) 2   c o s ⁡   ( 3 ν )   c o s ⁡   ( 2 ν )


   y pr = R  sin ⁡   ( 2 ν ) +   3  ⅇ 2 R  sin ⁡  ( 6 ν )  cos ⁡  ( 2 ν )


                  + 2 e  1 −    (   3 e ⋅  sin ⁡  ( 3 ν )  R ) 2   c o s ⁡   ( 3 ν )   s i n ⁡   ( 2 ν )


                  + 2 e  1 −    (   3 e ⋅  sin ⁡  ( 3 ν )  R ) 2   c o s ⁡   ( 3 ν )   s i n ⁡   ( 2 ν )


   x r =  x pr   c o s ⁡   ( α ) −  y pr   s i n ⁡   ( α ) − e   c o s ⁡   ( 3 α )


   y r =  x pr   s i n ⁡   ( α ) +  y pr   c o s ⁡   ( α ) − e   s i n ⁡   ( 3 α )


   S r =  ∫      (   d  x r  d θ ) 2 +    (   d  y r  d θ ) 2 d θ × H


   S h =  ∫      (   d  x h  d θ ) 2 +    (   d  y h  d θ ) 2 d θ × H


    S  S i d e p l a n e = 2 × (  ∫   (  x h   d  y h  d θ −  y h   d  x h  d θ ) d θ


                                        −  ∫   (  x r   d  y r  d α −  y r   d  x r  d α ) d θ


                                        −  ∫   (  x r   d  y r  d α −  y r   d  x r  d α ) d θ


  S  ( α ) =  S Sideplane +  S h +   S r


  V  ( α ) = H ×  S Sideplane


   V d =   π  B 2 r 2


  𝜀 =     V  d +   V  c    V  c


  S  ( 𝛼 ) =   π   B 2 2 +   4 V  ( 𝛼 ) B +   2 𝜋 B r  𝜀 − 1


     V  ( α ) =     π  B 2 r 4  [ 1 +  l  r −  cos ⁡   ( 𝛼 ) ]


                            −     (  l r ) 2 −  sin 2 ( α ) +  V c


                            −     (  l r ) 2 −  sin 2 ( α ) +  V c


  N u = c    Re  n


  c


  n


  h = 0 . 01297   B  − 0 . 2   P  0 . 8   T  − 0 . 53   w  0 . 8


    Z  b = 1 −   e    − a (   𝜃 −   𝜃 0  𝛥 𝜃 )  ( m + 1 )


    D  t h =     m .    S  t h ∙     P  i n     R  a i r ∙   T  i n ∙    2 𝛾  𝛾 − 1  [    (     P  o u t    P  i n )   2  𝛾 −    (     P  o u t    P  i n )    𝛾 + 1  𝛾 ]


    𝑨  𝟐


    𝑩  𝟐


  B


  BDC


  c


  C E


  D


  e


  h


  H


  l


    m .


  N u


  P


  R


  R e


  r


  s


  T


  TDC


  V


  w


  x


  y


  Z


  𝛼


  3 𝛼


  𝜀


  𝜇


  𝛽


  𝜃


  𝜈


  𝛥


  𝛾


  a


  m


  n


  a i r


  b


  c


  d


  h


  H o u s


  i n


  o u t


  p r


  𝜈


  r


  sideplane


  sr


  t h


  x


  0

