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C}iQ_ w Cr=L |xrO=at R= u=Dt |DQ=QL Q=DiQ |R=Ux}@W |=Q@ VywSB u}= QO
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"CU= OYQO

�(�; �) = �o(�; �) + �r(�; �) (1)

�o(�; �) = R�
R

[In(�) + nid;1 + nid;2� + nid;3 ln(�)

+
X
k=4;6

nid;k ln j sinh(�id;k�)j

� X
k=5;7

nid;k ln jcosh(�id;k�)j] (2)

�r(�; �) =
6X
k=1

nr;k�dr;k� tr;k +
6X
k=1

nr;k�dr;k� tr;ke��cr;k (3)

Cp(�; �)
R

= �� 2(�o��� + �r�� ) + (1 + ��r� � ���r�� )2

1 + 2��r� + �2�r��
(4)
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k0(�) = 1000�0(Cop � 5
2R)Gt(1) + 0 005Gt(2)��=�] (5)

� = �0(�) + �f (�; �)

�0(�) = (d0 + d1��1=4 + d2��1=2 + d3��3=4 + d4��1) (6)
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"CU= xOW p}rLD xOvvmlvN p=}U |m}t=v}OwtQD |=yQDt=Q=B w p=kDv= X=wN 'xS} w
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w u=Dt p=kDv= X=wN \@=wQ w Cr=L |xrO=at "3
|v=QL@ QPo s} SQ QO uSwQO}y

'Cr=L CqO=at |UQQ@ 'uSwQO}y w u=Dt |DQ=QL p}rLD w |R=Ux}@W QO |rY= s=o

"uSwQO}y w u=Dt |v=QL@ Q}O=kt "1 pwOH
|v=QL@ Q=Wi |v=QL@ |=tO |v=QL@ |r=oJ
(MPa) (k) (kg=m3)

u=Dt 4 6 190 5 162 7
uSwQO}y 1 3 33 1 31 3
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@��
@t

+ @��~uj
@xj

= 0 (7)

@��~ui
@t

+ @(��~ui~uj)
@xj

= � @�p
@xi

+ @
@xj
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(~ui��ij + �iju00i ) (9)

|m}D=DU= Q=Wi '|r=oJ 'CaQU |=yxir-wt ?}DQD x@ ~H w �p '�� '~ui =yv; QO xm
|v=tR |Q}o\UwDt |xOvyOu=Wv ?}DQD x@ (~) w (�) s}qa "OvDUy pm |Br=Dv; w
QO [20]"CU= ROrwv} Q VvD QwUv=D |xOvyOu=Wv ��ij u}vJty "OvDUy |tQH w
QO x}=B Q=Wi OwOLt sHL VwQ R= xO=iDU= =@ |OOa |R=Ux}@W 'Q[=L VywSB
'xOvvmlvN p=}U |r=oJ uOw@ Q}eDt x@ xHwD =@ "CU= xOW s=Hv= swiuB= Q=Ri=sQv
pB wm CaQU w Q=Wi |=yu=O}t w xOW xDiQo Q_v QO Q}PBsm =QD CQwYx@ u=} QH
C=a@ Qt pk=OL sD} Qwor= R= '|v=}O=Qo |=yxrtH |v=mt |R=UxDUUo |=Q@ "Ov=xOW
|R=UxDUUo VwQ R= |SQv= w swDvtwt CqO=at QO 'u}vJty "CU= xOW xO=iDU=
x@DQt Qr} w= |vt[ VwQ R= R}v |v=tR |R=UxDUUo |=Q@ "CU= xOW xO=iDU= |RmQt
xDiQo Q_v QO uQ=kDt w =}=B=v CQwYx@ p=v=m uwQO u=} QH "CU= xOW xO=iDU= pw=
u=}O=Qo 'xOvvmlvN u=} QH uOw@ xDiW; w ROrwv} Q OOa uOw@ q=@ p}rO x@ "CU= xOW
|R=Ux}@W |=Q@ |oDiW; pOt ?=NDv= 'd=O |xQ=w}O |m}ORv QO CaQU w =tO O}OW
pOt 'Q[=L |xr�Utl} R}i x@ xHwD =@ "OQ=OC}ty= xOvvmlvN p=}U |DQ=QL Q=DiQ
s=Hv= |UQQ@ "OvvmpOt |@ wN x@ =Q xQ=w}O l}ORv C=k=iD= OW=@ QO=k O}=@ |oDiW;
Q@ |vD@t |=ypOt R= '|]}=QW u}vJ QO xm OyO|t u=Wv [16�9]Cq=kt |wQ xOW
|}=yVwQ xm [24�22]k�! xO=wv=N w [21]TQ=tr; � CQq=BU= Ovv=t |}x@=OQoCHRr
wO |R=UxDUUo |=Q@ "OwW|t xO=iDU= 'Ov=xQ=w}O |m}ORv QO C=@U=Lt Ow@y@ |=Q@
w k � ! |=ypOt QO |W@vH |SQv= hqD= MQv w |oDiW; |W@vH |SQv= |xrtH
wO x@DQt CUOq=@ VwQ R= 'TQ=tr; � CQq=BU= pOt QO |oDiW; CHRr u}vJty

"CU= xOW xO=iDU=
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Q=W CLD |wQ}=O p=v=m uwQO uSwQO}y 'xOW xO=O xaUwD VwQ |HvUQ=@Da= |=Q@
xOW |UQQ@ 681 w 706 uwtR; wO\}=QW =@ j@=]t w "CU= xOW |R=Ux}@W |DQ=QL
O=a@= 2 pwOH QO w 'xUOvy 1 pmW QO "CU= xOW |R=Ux}@W [3]Rm} QOvy \UwD
w |wQ}=O p=v=m QO u=} QH |xaUwD |=Q@ "CU= xOW x�=Q= V}=tR; OQwt |wQ}=O p=v=m
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|xQ=w}O |=tO V}=Ri= =@ "CU= xOW |UQQ@ |r}]DUt p=v=m uwQO |v}}=B xQ=w}O
"CU= xO=Di= j=iD= |QDq=@ `=iDQ= QO CQ=QL p=kDv= Ci= w |v=QL@ QPo s} SQ '|v}}=B
QDnQR@ u=Dt u=} QH CaQU w |DQ=QL Q=W u=R}t '|R=o |x}q Ct=N[ 'u}vJty

"CU= xOW

s�qa CUQyi "8
&p=v=m |[Qa `]kt CL=Ut %A
&C@=F Q=Wi QO xS} w |=tQo %Cp

&|rN=O Q]k %D
&C@=F %Gi

&pm |Br=Dv; %H
&|DQ=QL C}=Oy ?} Q[ %k

�References� `@=vt
1. Hurlbert, EA., Whitley, R., Klem, MD. and et al. \In-

ternational space exploration coordination group assess-
ment of technology gaps for LOX/Methane propulsion
systems for the global exploration roadmap", AIAA Pa-
per 2016-5280 (2016).

2. Trejo, A., Garcia, C. and Choudhuri, A. \Experimen-
tal investigation of transient forced convection of liquid
methane in a channel at high heat 
ux conditions", Ex-
perimental Heat Transfer, 29(1) pp. 97-112 (2016).

3. Hendricks, RC., Graham, RW. and Hsu, Y.Y. and et al.
\Experimental heat transfer results for cryogenic hydro-
gen 
owing in tubes at subcritical and supercritical pres-
sures to 800 pounds per square inch absolute", NASA

30



1|
xQ=t

W'
35

�3
|xQ

wO'
�13

98
Q=y@

�h
}QW

l}
v=mt

|U
Ovyt TN D-3095 (1966).

4. Spencer, R. and Rousar, D., Supercritical oxygen heat
transfer, NASA CR-135339 (1977).

5. Giovanetti., A, Spadaccini., LJ. and Szetela. E.J. \De-
posite formation and heat-transfer characteristics of hy-
drocarbon rocket fuels", Journal of Spacecraft and Rock-
ets, 22(5) pp. 574-580 (1985)

6. Liang, K., Yang, B. and Zhang, Z. \Investigation of heat
transfer and coking charrcteristics of hydrocarbon fuels",
Propulsion and Power, 14 pp. 789-796 (1998).

7. Votta, R., Battista, F., Ferraiuolo, M. and et al. \Design
of an experimental campaign on methane regenerative
liquid rocket engine cooling system", AIAA Paper 2013,
4146 (2013).

8. Votta, R., Battista, F., Salvatore, V. and et al. \Ex-
perimental investigation of transcritical methane 
ow in
rocket engine cooling channel", Applied Thermal Engi-
neering, 101, pp. 61-70 (2016).

9. Lee, H. and Howell, J. R. \Turbulent developing con-
vective heat transfer in tube for 
uid near the criti-
cal point", International Journal of Heat Mass Transfer,
41(10), pp. 1205-1218 (1997).

10. Cheng, X., Kuang, B. and Yang, Y. \Numerical anal-
ysis of heat transfer in supercritical water cooled 
ow
channels", Nuclear Engineering and Design, 237(3), pp.
240-252 (2007)

11. Palko, D. and Anglart, H. \Theoretical and numerical
study of heat transfer deterioration in high performance
light water reactor", Science and Technology of Nuclear
Installations (2008).

12. Schnurr, N., Sastry, V. and Shapiro, A. \A Numerical
analysis of heat transfer to 
uids near the thermody-
namic critical point including the thermal entrance re-
gion", Journal of Heat Transfer, 98 pp. 609-615 (1976).

13. Pizzarelli, M., Nasuti, F. and Onofri, M. \Flow analy-
sis of transcritical methane in rectangular cooling chan-
nels", AIAA Paper 2008, 4556 (2008).

14. Pizzarelli, M., Nasuti, F. and Onofri, M. \Investigation
of transcritical methane 
ow and heat transfer in curved
cooling channels", AIAA Paper 2009-5304 (2009).

15. Pizzarelli, M., Urbano, A. and Nasuti, F. \Numerical
analysis of deterioration in heat transfer to near-critical
rocket propellants", Numerical Heat Transfer, Part A:
Applications, 57(5), pp. 297-314 (2010)

16. Pizzarelli, M. \A cfd-derived correlation for methane
heat transfer deterioration. Numerical Heat Transfer,
Part A: Applications", 69(3), pp. 242-264 (2016).

17. Kunz, O, Wagner, W. \The GERG-2008 wide-range
equation of state for natural gases and other mixtures:
an expansion of GERG-2004", Journal of chemical & en-
gineering data, 57(11), pp. 3032-3091 (2012).

18. Younglove, BA. and Ely, JF. \Thermophysical proper-
ties of 
uids. II. methane, ethane, propane, isobutane
and normal butane", Journal of Physical and Chemical
reference data, 16(4), pp. 577-798 (1987).

19. Quinones-Cisneros, SE. and Deiters, UK. \Generaliza-
tion of the friction theory for viscosity modeling", The
Journal of Physical Chemistry B 110(25), pp. 12820-
12834 (2006)

20. Pletcher, RH., Tannehill, JC. and Anderson. DA., Com-
putational Fluid Mechanics and Heat Transfer, CRC
Press (2012).

21. Spalart, PR. and Allmaras, SR. \A one-equation turbu-
lence model for aerodynamic 
ows", AIAA Paper, 1992
0439 (1992).

22. Wilcox, D.C. \Turbulence modeling for CFD. DCW In-
dustries", 2, pp. 103-217 (1998).

23. Menter, FR. \Zonal two equation k-w turbulence models
for aerodynamic 
ow", AIAA Journal, 32(8), pp. 1598-
1605 (1994).

24. Menter, FR., Kuntz, M. and Langtry, R. \Ten years of in-
dustrial experience with the turbulence model", Turbu-
lence, Heat and Mass Transfer, 4(1), pp. 625-632 (2003).

31


