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Section 12 Lecture 2: Reformulation

of Normal Shock Equations for
Hypersonic Flow

Anderson: Chapter 16 pp. 610-613, Chapter 3 pp. 102-111
Chapter 17 pp. 648-658
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Flow Across a Hypersonic Shock Wave

» Across a Hypersonic Shock Wave, Temperature Rises Dramatically

e Stagnation Point Properties can be modeled by Normal Shock Wave equations

.. with “some adjustments” M«/

Real Gas Effects Significant
in Stagnation region for
High Mach Numbers

A

Pe, T
A CpMax= P2- P. = f(M o) T°°, Equlibrium Gas Energy, State Equations )
Q°°! Pt oy § p 6“ |
M -I \\ R
o >>
\\ - |
’ 2V (g (2+(y-1)M.)
— =1+ (M _ 1) 2
T, (’}/ + 1) (7 + 1) I;
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Flow Across a Hypersonic Shock Wave

* Across a Hypersonic Shock Wave, Temperature

Rises Dramatically

* Thermal Properties (¢, c,, y) of Gas Change

* T, not constant across shock

To,deq.K

e GGas Dissociation, chemical reaction, molecular
Vibration Significantly lower the Stagnation
temperature Behind the shock wave

when compared To “calorically perfect” gas

| 1 |
0.0 50 10.0 15.0 20.0 25.0
Mach

* In general Enthalpy is implicit function
of Pressure and temperature

h=n(T,P)= "non— analytical — function"

MAE 5420 - Compressible Fluid Flow
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Flow Across a Hypersonic Shock Wave

Enthalpy graphs for real-gas air
FPressure

o g e Enthalpy

0.101 kPa
| 013 kPa Versus
7 pEmeaeE
101 325 kPa ey e e

= 101225 kPs g — And pressure

. - For air
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e For Non-ideal gas

oh
7= c, = c, # const
de
=c, = ¢, # const
oT

INechSnic3)edrenospace)

Engineering

Flow Across a Hypersonic Shock Wave o

1-D energy Equation

MAE 5420 - Compressible Fluid Flow

e Cannot directly integrate to get temperature,
However enthalpy Is constant across shock ... so let’s start there

5




UtahState INiechanicallcdrerospac e
U N I V E R S l T Y Engineering

Flow Across a Hypersonic Shock Wave o

» Enthalpy 1s constant across shock wave
. V2
q=0= h, :h+7=const

 Take Differential of Enthalpy Equation

oh+9d| — |=0=0h+VoV

MAE 5420 - Compressible Fluid Flow
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Flow Across a Hypersonic Shock Wave o

* Plug in definition of specific heat

0= g—; =c,(T)=0h=c,(T)oT
c,(T)T +VaV =0

e integrate from state 1 to state 2

T2 V2

[c,mar+ [vov=0l

T, v,

T, 2 2
jcp(T)aT f oW

T, 7

MAE 5420 - Compressible Fluid Flow
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Flow Across a Hypersonic Shock Wave o

e Look at integral

1

Jcp (T)oT

* ¢, 18 a complex function of temperature .. involves complex
Chemistry, with reacting 1onized gases
.....beyond scope of this Class ... but we can approximate

solution for “single species” Non-reacting flows

MAE 5420 - Compressible Fluid Flow
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How Does Specific heat vary with

Temperature?

* Based on Theories of Statistical Thermodynamics for
for Single Species gas (non-dissociated, non-reacting)

Rotational energy Ionization/
hv Dissociation energy
3
— K
=2 RT+RT+—+—" R+ €0 mic
e —1
Translational energy h — Plank.Const =— 6.6262 X 10_34j_sec

k — Boltzmann.Const =1.3807 x 107> ;

°K

Vibrational energy vV — Principal Vibration.Mode = 8.335 x 10" hertz

hv " "
— =T, = "quantum.reference.temperature

K
~ 4000 °K for air 9

MAE 5420 - Compressible Fluid Flow




UtahState

UNIVERSITY

de
“C .
or

de 0

3 _r
RT+RT+-—1L
2 8 8

oT  oT

How Does Specific heat vary with
Temperature?

(cont’d)

RgT+e

I e oS pac: e,

Engineering

T_r electronic g g T, 2 g
e r _ 1 —<e r _ 1
Ly
T r
“\r) .
grans. fully S e
—R +R + R =C€ |
§ § T )2 8 v Rot and trans ll
_r fully excited — 5 7T, k
e T _ 1 3 // //:l/;} |I
Trans fully 3 4 (;// :/;}l/j,j Region of variable v =,
/ excited - I ﬁ%{{ constant //)E:j i
: bﬁ/:%;;/zx /]l.-"e(/ {,E(/{j =
)
: i/éf?é’%/%/% \
1K 3K 600 K 000 K
trans || trans + rot :__ trans + rot + vib _J1
MAE 5420 - Compressible Fluid Flow i
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Write Model in terms of C,

11
MAE 5420 - Compressible Fluid Flow
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Evaluate Integral

Tr
T T 2 —
; : 7 (T r
[e,@or = [R, —+(—’"j LA
T, T, 2 T T—r
1 1 sel —1
, (3
7T (T e’
¢, =K, E_I_(?) 1, )
sel —1¢

MAE 5420 - Compressible Fluid Flow

Engineering

dT

12
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Evaluate Integral

(cont’d)

 Substituting in for ¢, and integrating the “easy parts”

p

dT

7 7 ol (T e
(ERgTz_E ng)_I_Rg T (T) T 2 ar
{eTo ) 1}

MAE 5420 - Compressible Fluid Flow B
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Evaluate Integral

(cont’d)

* Now integrate the “hard part”

Tr
.
n| (T r T T
R, [ () T >u="t>du=-—2dT
T T s T T
el —1¢
2
T’ T d
=dl =—du—=—du| — | T. =—==T.
T T u

r r

MAE 5420 - Compressible Fluid Flow ke
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Evaluate Integral

(cont’d)

 Substitute in for “u” and “dT” and Integrating

T ﬂ u d
‘ dTO :jogz l/t2 ‘ (——MT)Z

R (Tr )2
81, T {eTTr ~ 1}2 T, {e“ — 1}2

Tr
T, _
—R[T,|{ du=RT, -

MAE 5420 - Compressible Fluid Flow b
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Evaluate Integral

(cont’d)

e Substituting in to earlier result

dT

( A

MAE 5420 - Compressible Fluid Flow

16
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Evaluate Integral
e And .... (cont’d)

e But - -
T,
7 T ? el
Cpl_R +Cv=Rg E-I_(Tj {Tr ) :>Tl<<Tr:>Cp1=_Rg
T
el—l}

%_&_(71_1)
7 Cpl yl

17
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Evaluate Integral

(cont’d)

* Finally!

T + V22 +£y1_1 Tr :T+ ‘/12 +(’}/1_1
2

I
2c Vi ){62 B 1} 2Cp1 Vi ]{62 B 1}
\ / “T01”

Ideal gas terms

pl

e Implicit function of {T, V} ... two variables, need another equation

MAE 5420 - Compressible Fluid Flow 18
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Evaluate Integral

(cont’d)

L oL
T, 1
v, —1 e’ —e
TOZ_T01+ y Tr r Tr N r Tr N
. Ir Ir
le —13e” —1%
L\ J \ J _

e Vibrational correction to 1deal gas equations

MAE 5420 - Compressible Fluid Flow 1
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Continuity and Momentum

Across Shock Wave

e |-D momentum equation

Pt 101V12 =P, T p2V22 2

Py _ |:1+Y1M12:|
P [1+7/2M22]

MAE 5420 - Compressible Fluid Flow 20




UtahState INiechanicallcdrerospac e
U N I V E R S l T Y Engineering

Continuity and Momentum
Across Shock Wave

* Apply 1-D continuity equation and equation of state

PV, = p2V% = 2‘1’

2 1

T2_&pl pzv |:1+7/1M ]V

Tl_pl p, Y [1+7/2 ]Vl

21
MAE 5420 - Compressible Fluid Flow




UtahState INiechsnicsledrenospac e,
U N I V E R S l T Y Engineering

Continuity and Momentum
Across Shock Wave

e Rearrange terms

1, _ P P, _ P v, [1+Y1 ]

I, pp, pV l:l'l'?/z ] V

+ A 1+ W
 YRT v, | RT v,
AL
I yzRgTz_ I RgTz_

22
MAE 5420 - Compressible Fluid Flow
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Continuity and Momentum
Across Shock Wave

* Solve for T, in terms of T,

T,+—2=|T +

VZ
i

 second equation allows numerical solution

MAE 5420 - Compressible Fluid Flow >
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Numerical Solution Via 2-D Newton Method

e Define
2 —~1 T —1 T

T2+22 +(y1 j — —<TOI+(7/1 ) —— (= f(T,,V,)=0

Cpl }/1 T, }/1 T

e?—1 el —1

V.? VIV
T2+L—{Tl+—1:|—2:g(T2,V2):O

R, R, |V,

e System of equations of the form: {

MAE 5420 - Compressible Fluid Flow

f(T,,V,)
g(T,,V,)

|

24
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Numerical Solution Via 2-D Newton Method

(cont’d)

e Expand 1n Taylor Series (higher dimensional)

[ﬂTz,V»} [f(Tz,V»} {T} {T}
— +Vi, — +
g(Tz s V2 ) g(Tz ’ VZ ) 10 [VZ } V2 V2 lo

_ of of _

\V _ aTz aVz But ...
v |25 s FT, )]
_8T2 8V2_ g(Tzavz) o

2
MAE 5420 - Compressible Fluid Flow :
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Numerical Solution Via 2-D Newton Method

(cont’d)
* Truncate after first order, solve for [T,,V,]

L Ll
= -V,
v, Vol {Vj g(1,,V,) 0

IMechSnicS)GdrAenospIce;

Engineering

dg o
av,  adV,
_a_f a_f__l 3 g of
dT, JV.
Vi, o= ’ *| = Cramer's.Rule = —= Jf, T, |
{Vj Jdg  dg Jof dg dg of
_aTz aVz | aTz aVZ aT2 aV2
g O | [f(Tz,V»}
|:T2:|_|:T2:| ~ v, oV, g(T,,V,) |,
V] V), |_ %8 o |[of og oz of
| dT, 0T, ||JT,dV, 0T, dV,

MAE 5420 - Compressible Fluid Flow
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Numerical Solution Via 2-D Newton Method

(cont’d)

e 2D extension of the earlier 1-D Newton method

f(Tz(n)aVQ(n)) ag(TZ’VZ) . af(TZ’VZ) 8(T2(n),V2(n))
T (n+1) _ T (n) L 8V2 In av2 In
2 : {aﬂn("%v;")) {ag@,vz)} _{af@,vz)} {ag@,vz)}
or, || o, || o, || o |
af(Tz(n)’Vz(n)):| (n) s (n) (n) v/ (n) |:ag(T2,V2)}
g(T ,V )_ f(T 9V )
TEZED o= gy B

(n+1) _ (n)
Vz - Vz _

af(Tz(n)avz(n)) ag(Tz’Vz) _ af(Tz’Vz) ag(Tz’Vz)
8T2 . E)V2 . 8V2 . 8T2 .

2
MAE 5420 - Compressible Fluid Flow ’
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Numerical Solution Via 2-D Newton Method

(cont’d)

* Where the Jacobean derivatives are

T, 2
en[Tr}
af(TQ,VQ):(’}’l—l) T2 +1 af(TZ’Vz): V2
o7, 71 ;— av, Ch1
1e? —1¢
2
.
ag(Tzavz)zl ag(Tz’Vz): 2V, _ R,
o7, v, RV

MAE 5420 - Compressible Fluid Flow 28
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Numerical Solution Via 2-D Newton Method

(c.),

e [terate to convergence

e Using Solution for T,, V, — 5

R

§

(cont’d)

IMechSnicS)GdrAenospIce;

Engineering

(n+1) (n)
Vz o Vz

|

(n)
V2

& (cp )2 Rg

MAE 5420 - Compressible Fluid Flow

(n+1) (n)
Tz _ Tz

J

(n)
T2

2
]<8

29
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The Rest of the Solution
 Calculate M,
V2

M. =
© VR

e Calculate p,

P> _ [1 N Y1M12:|

P |:1+7/2M22:|

MAE 5420 - Compressible Fluid Flow 50
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The Rest of the Solution (continued)

e Calculate Po,

72
Y —1 721
P02:p2|:1+ 22 Mzz}
e Calculate To,
_ 1 _
T, =T,|1+2 " m?
2

MAE 5420 - Compressible Fluid Flow !
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The Rest of the Solution (concluded)

 Calculate Cpy,,,

£y, — p,
70p1M12

CPrax =

e Calculate Density
P>
RT,

8

P, =

32
MAE 5420 - Compressible Fluid Flow
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Example Calculation

» Theoretically valid solution for mach numbers up to
~10.0 where gas dissociation/ionization & reaction begin to occur

Rotational energy Ionization/
h_v Dissociation energy
3
e=RT+RT+—XL _RT+e, VK
2 8 8 hv g electronic
el —1
vl

Translational energy

* Effect of Vibrational mode excitation is to lower
temperature rise / increase Mach loss
Vibrational energy across shock wave

33
MAE 5420 - Compressible Fluid Flow
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Example Calculation o)

temp ratio 2 Plot 0 v

Gamma?2

M1

* Specific heat calculation

MAE 5420 - Compressible Fluid Flow 3
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Example Calculation o)

e Temperature ratio Calculation

.-Ideal Gas, v=
SSSs=ssSsssssss

EESEsEsssgsssmssssmssmess

Vibrational Mode .-

Solution

MAE 5420 - Compressible Fluid Flow 5
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Example Calculation o)

EENEEEEEEEEEEEEREN
T e ——
--- Vlbratlona

e M. Calculation

MAE 5420 - Compressible Fluid Flow 30
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Example Calculation conciudes

A
| Ideal Gas, y=1.4 |IINIINNIRERARRRNRR IR RRNRR D2l
---

P2/P1

O T T it NNENY

----—---l Vibrational Mode |
L e

-E------h---d

1 15
Ml

e Pressure Ratio Calculation ~ -- Pressure, being a mechanical
quantity 1s not as greatly

MAE 5420 - Compressible Fluid Flow effected by variable gammas7
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Application to Hypersonic Oblique Shock
Wave

Repeat analysis using, u, instead of V,

3
MAE 5420 - Compressible Fluid Flow 5
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Application to Hypersonic Oblique Shock
WaVe (cont’d)

B [Vl sin(ﬁ)‘”z]
_tan(9) = [V1 cos(f) +u, taﬂ(ﬁ):l

b

MAE 5420 - Compressible Fluid Flow

V2= sin(3—0)

V2
= J7:RT,
by 1+7,(M,sin B)’ |
P [1+}/2(Mzsin(ﬁ—9) )2}

39
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Compare Model with Real Data?

Engineering

Ideal Gas

1 1 I 1 I I 1 1
500.0 1000.0 1500.0 2000.0 2500.0 2000.0 3500.0 4000.0
Temperature,deg. K

* Obviously there is a lot going on that

Statistical Mechanics Doesn’t Account for ...

gas dissociation/ionization ...reaction * Exact Solution but Upper Limit on
Validity ~ Mach 10 40

MAE 5420 - Compressible Fluid Flow
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“Engineering” Model # 2
Enthalpy Balance Across Shock Wave

e 2) Assume calorically perfect gas on each side of shock wave

v v, v v,
Cp1Tl+7:Cp2T2+7:>Cpl Tl+2C =C, T2+2C =

pl p2

C C, C C,
c To.=c To,=-LLTo =LTo, = P~ To = P To, =
pl 1 p2 2 R 1 R 2 1 2

_ Cvl c _ Cv2

g g pl p2

)4 T01= Y- T02=> Y1 T1|:1+%_1M12i|= Y- T2|:1+y2_1M22i|
7/1_1 7/2_1 71_1 2 }/2_1 2

41
MAE 5420 - Compressible Fluid Flow
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“Engineering” #2 Model oo

Y1 T1|:1_|_71_1M12}: 7> T2[1+Y22_1M22:|

7/1_1 2 7/2_1
Y1 1_|_71_1M12
Q_ 7/1_1_ 2 _
Tl Y- 1+72_1M22
v, — 1L 2 .

42

MAE 5420 - Compressible Fluid Flow
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Continuity and Momentum
Across Non-ideal Shock Wave

e |-D momentum equation

P T 101V12 =P, T p2V22 2

Py _ |:1+Y1M12:|
P [1+7/2M22]

MAE 5420 - Compressible Fluid Flow -
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Continuity and Momentum
Across Non-ideal Shock Wave oo

* Apply 1-D continuity equation and equation of state

PV = p,V, % = 2 ‘l’

» Y
T2:p2 P pzv |:1+7/1M ]V
I, pp, Y [1+72 ]Vl

N 2

'

22 |$ <(|:1+}/1M12] M,
T, v |[1+7.M M,

44
MAE 5420 - Compressible Fluid Flow
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Continuity and Momentum
Across Non-ideal Shock Wave oo

e But from earlier

i —1

,}/1 1_|_f}/1 M12i|
5_ vy, — 1L 2

T1 V> 1+Y2_1M22:|
v, — 1L 2

e and _
71_1M12:|
Yy, — 1L 2

£ [1+Y1M12:| Mz
7| [1+7.M)7 | M,

45
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Continuity and Momentum
Across Non-ideal Shock Wave oo

e But from earlier

72 Vi ?’1 If
7’2 |: 2 M2:|_71_1 % l: 2 Ml} \TOZ_yl_l

RS 7A e [Leym? ] To T
'}/9—1 ”}/2—1
SR EEINE I
[1+}/2M22]2 - To, g [1+}/1M12]2

WE HAVE SEEN THIS BEFORE!

MAE 5420 - Compressible Fluid Flow 40
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Solve for M,
M22|:1+7/2—1M22:| ~ _ _M12|:1+}/1—1M12:|
2 _ Ty, || 74 2
[1+’}’2M22]2 _TO1 (L7 [1+}/1M12]2
e [et ) i
—1
I, [n ] L
F(M,)= —= 1 = 5 =
_Tol __7/2_ |:1+7/1M1 :I

47
MAE 5420 - Compressible Fluid Flow
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[ d

M2 SOlllthIl (continued)

e Regroup in terms of M?

M22[1+Y2_1M22} - -M12[1+Y1_1M12}
2 _ Y| 1n 2 1

[1 +v,M,’ ]2 V2| 1o, [1 +y M’ ]2

M)’ [1 + 7/22_ : M;}— F(Ml)[l + y2M22]2 =0

_ - M12 |:1 + ’}/12_ 1 M12:|

F(M): TOZ |:Y1:|
1
T 7] [teym?]

MAE 5420 - Compressible Fluid Flow 8
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Engl (cont’d)

* Sub in and collect terms in powers of M,

7/2_1
2
7/2_1
2

2
M, + M, —FM)|1+y,M,* | =0

M, + M, —F(M)| 1+2y,M,” +y,’M,* |=0

[7’22—1 _ y22F(M1)}M24 +[1-FM,)2y,|M2 -~ F(M,)=0

 Quartic Equation, ... but quadratic in M,?>

MAE 5420 - Compressible Fluid Flow »
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Enthalpy Balance Model

e Calculation procedure:
* Given M, T, p,

* 1) Assume vy, v,

_ y-1 2
e 2) Compute To, =1, = TI[H 2 M, }
Vi
* 3) Compute To, , To, JTo _ -l
To, |$
Y, —1

* 4) Compute M, from quartic

[7/22_ L yfF(Ml)}Mz“ +[1= F(M,)2y,]M,> = F(M,)=0

MAE 5420 - Compressible Fluid Flow >0
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Enthalpy Balance Model o)

e Calculation procedure: cona

_ 1, e assume adiabatic
*5)Compute T, =727 y, —1 flow behind shock
{1 +2 M 22}

* 6) Compute p, [1 oy 2]
B V1M
P>, = D, [1+72M22:|

MAE 5420 - Compressible Fluid Flow >
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Enthalpy Balance Model o)

e Calculation procedure: cona

* Real-Gas Charts for Air s
) 5) LOOk up 0.101 kPa
Gamma from 1.4~ 1.013 kPa
real gas tables

10133 kPa
101 325 kPa [t
1013.25 kPa [

( (7/2) + }/(p 20 T ) % ' .

72 ) j+ 9) - § o L

6) Repeat .

Steps 2-5

Until convergence ...

i=0,1, ....

Tdeglc

Hansen, C. Frederick, Approximations for the Thermodynamic and Transport Properties
of High-Temperature Air, NASA TR R-50, 1959.

2
MAE 5420 - Compressible Fluid Flow :
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Example Calculation o)

gamma Plot 0 Favd

Enthalpy Balance §§
Model

Gammaz2

* Specific heat calculation

MAE 5420 - Compressible Fluid Flow




UtahState INiechanicSlledhesospace,
U N I V E R S I T Y Engineering

Example Calculation o)

e Temperature ratio Calculation

0000
e 2

Solution

| Vibrational Mode [SSSSSSs Seaea e Sieeast=cq i s i s s

I I I I I I I I I I I I I I
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

e Gas Chemistry 1s the only reason

MAE 5420 - Compressible Fluid Flow || That Hypersonic flight is possible*
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Example Calculation o)

e M. Calculation

MAE 5420 - Compressible Fluid Flow

-- Vibrational Mode .
B Solution i£

8 6 1|0 lll 1l2 1‘3 1'4 1'5
Enthalpy Balance
Model

55




l"ﬁ!l‘!itﬁ't‘? . lHEHEﬁEHMEﬂHLC?‘HEWZ?E!EEEEE
universiTY  Example Calculation contines)

Enthalpy
Balance

P2/P1

I I I I I I I I I I I I I
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

e Pressure Ratio Calculation -- Pressure, being a mechanical
quantity 1s not as greatly

MAE 5420 - Compressible Fluid Flow effected by variable gamma  ss
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universiTY  Example Calculation conciudes

* Look at temps for T,=150°K

T2/T1

HEEEEHRHEN S,

Balance
8 odel 1 152 15

M1

ot
-

e Gas Chemistry 1s the only reason

* Significant Differences! il , ,
That Hypersonic flight is possible!
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Engineering Model # 3
Reference Temperature Method

* 1) “Smear” gas properties across shock wave

Since Y is not constant across the shockwave, an app roximation can be made by
interpolating the real-gas specific heat ratio chart using Eckert’s' empirical reference

temperature T,

' Mills, Anthony F., Heat Transfer, Irwin Publishing, Homewood, IL, 1992, pp. 377-379.

1

T, =T.+ §(T2 ~T.)+0.22(T,, - T.)

MAE 5420 - Compressible Fluid Flow o8
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Reference Temperature Method oo

e Example Computational Sequence:
{M =20,p_=0.005kPa,T. =150°K |

e For Calorically perfect gas with y=1.4

2y ) (2+(y-1)m7)
(y+1)(M1 ! (y+1)M/

T
—= =11+
1,

="78.72 ---> 11808°K Hot!

MAE 5420 - Compressible Fluid Flow >
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Reference Temperature Method oo

e For Calorically perfect gas with y=1.4

T02=T01=Tm[1+7 f} =12150°K Hot!

* Compute reference temperature

T

1
o =T+ E(Tz ~T,)+0.22(T,, - T..)

11808 — 150
150 + ( ) +0.22 (12150 — 150) =8619°K

2

Still hot, but not as hot | ¢

MAE 5420 - Compressible Fluid Flow
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Reference Temperature Method oo

* Get Pressure Behind Shock wave (based on y=1.4)

2
%j =1+ i Il) (Ml2 - 1) =466.500000
p2 =2.33 kPa

* Interpolate Gas tables for new vy
oy~ 1.0357

Vig —1
TOZ:T{1+ f2 Mf} =12150°K Hot!
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Reference Temperature Method oo

e Revaluate T, based on new y

— - 2 =]
1, 2y 2 (2+()/—1)M1 )
L | (r+1) I (r+)m®
=11.731226 ---> T,=1759.6
* Get New Reference temperature
1759.6 — 1
150 + 75962 > +0.22 (12150 — 150) =3594.8°K
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Reference Temperature Method oo

e Get Pressure Behind Shock wave (based on y=1.0537)

P» 2y 2

—= =1 M-~ —-1) _

P T (}/+1)( I ) =410.4
p2 =2.05 kPa

* Interpolate Gas tables for new vy

oy~ 1.1535
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Reference Temperature Method oo

e Revaluate T, based on new y

T, 2y : (2+(y-1)M})
2 =|1+ (M -1) 2
L | (r+1) I (r+)m®
=31.533 --->T,=4729.6
* Get New Reference temperature
150 + 1759'62_ 1Y 0 (12150 — 150) =5089.8°K
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Reference Temperature Method oo

e Finally ... after iterating to convergence

 Based on real V,T,; * Based on real y=1.4
T, =4751.98 °K T, = 11808 °F
p2=2. 14 kPa p2=233 kPa

T, = 3468.99 °K T =32549°K

M, = 0.263

M,=0265  Tp=12150°K

v=1.154 To:=4777.26 °K

e Gas Chemistry is the only reason

* Significant Differences! il , ,
That Hypersonic flight is possible!

MAE 5420 - Compressible Fluid Flow
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Reference Temperature Method oo

* Why is pressure not affected as much as temperature?

* Based on real v, T

ref e Based on real y=1.4
T,=4751.98 °K
T,=11808 °K
p,=2.14 kPa
p,=2.33 kPa

T, = 3468.99 °K
T, =3254.9 °K

M, = 0.263
M, = 0.380

’Y=1154 T02=477726 °K T02=12150 oK

® Pressure is a Mechanical and Not thermodynamic parameter
and as such is affected more by Newton (momentum) than Boltzmann (thermo)

MAE 5420 - Compressible Fluid Flow o0




