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Introduction

I

Code Purpose:

* External solution (on boundary layer edge)
- Enthalpy . Solve the whole boundary layer:
- Mass fractions .
. * Velocity profile
- Velocity - Enthalpy profile
* Wall boundary conditions Py P .
_ Enthal * Mass fractions
S eciespy * Heat flux
et P * SKkin friction coefficient
* Initial guess

Main Assumptions:

« Steady flow

 Local Thermal Equilibrium

* Local Chemical non-Equilibrium (CNE)
« Laminar flow

« Thin boundary layer

« Axisymmetric or 2D flow

« External body forces neglected
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Literature Review

The numerical solution of compressible, reactive boundary layers stands on a wide body of literature:
« Early works: Lees (1958), Libby (1960), Blottner (1964, 1970, 1975), and others.
* More recent works: DEKAF, and analysis of blowing effects (Mir6 Miro).

The method adopted in this work, implement in BLAST, was first developed by Peters N. and later adopted by
Barbante P. at the Von Karman Institute for Fluid Dynamics.

Aim of this work: integrate this established approach with the modern reactive flow models offered by Mutation++
and extend the formulation to analyze ablation phenomena.

Final goal: provide an open-source tool for supporting the experiments performed inside high-enthalpy ground test
facilities.

This work 1s an evolution of PlasFlowSolver, a data reduction tool built for the Plasmatron X wind tunnel under
thermochemical equilibrium assumption.

e Peters, N.. “Solution of the boundary layer equations for chemically reacting gases using a multi-point method”, German Aerospace ; Research Report ; 72.58,
Dept. of Scientific Reporting of the German Research and Testinglnstitute for Aeronautics and Astronautics, DFVLR, Porz-Wahn, 1972.

e Barbante, P. F.. Degrez, G.. and Sarma, G. S. R., “Computation of Nonequilibrium High-Temperature Axisymmetric Boundary-Layer Flows.” Journal of
Thermophysics and Heat Transfer, Vol. 16, No. 4. 2002. pp. 490-497

e D. Lanza, M. Franco, G. Elliott, M. Panesi, and F. Panerai, “PlasFlowSolver: An Aerothermodynamic Data Reduction Model for Inductively Coupled Plasma
Wind Tunnel Facilities,” AIAA Paper 2025-0449. AIAA SciTech Forum, Orlando, FL, Jan. 2025.
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Motivations

Slug calorimeter Pitot probe

Why? come

Heat exchanger
RF torch Gate valve

Straight nozzle Probe ﬂ
> Large amount of data — need for a fast numerical tool Sheath gas-EpRiS-S— s : f \ I |

Central gas |

» Guiding the experiments — requires parametric analysis ... |“/| = v

RF coil IRotal'y ar|
Franco, M., Capponi, L., Oruganti, S., Elliott, G., and Panerai, F., “Investigation of Slug Calorimeter Plasmatron X ICP wind tunnel at the University of Illinois
Heat Flux Measurements in the Plasmatron X Wind Tunnel,” AIAA SCITECH 2024 Forum at Urbana-Champaign
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Boundary Layer Equations

Unknowns: u, v, h, y; Continuity

Boundary conditions:
« Wall:

w=0 Species Continuity

v=>0 Pﬂ%+pﬂﬁfz— ,J“' + w;
h=h(Tu(@)) or gu=0

 Momentum

JY =1, or equilibrium wall @ @ _ % P c)u
| s oy T e oy Moy
. y Momentum
Ayr ° Edge. U = 'U-.E(:I:) Y ap
h = he() il
Ci = Cie() Energy
éx . ah + o, ah aqy +1 dpt: + ) a_u 2
Mox "oy T oy T ar T oy
: dpe due e=0:2D

¢ = 1: Axisymmetric
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I

C@ Heat flux and Diffusion Fluxes

Ny N
1=1 1=1

Diffusion Fluxes: Stefan-Maxwell Equations

N. p; 0; N
Ji=—pi (Z D;;d; + x:V(log T)) d; = VX, + (X; - ;ZW(IOQP) - p—; (P F; — ZPka)
j=1 k=1
r Ns - i Ns
M €Ty J j € J; = Ui —
— - - =di — =\ pti — > Prar | Eamb
P =1 (ﬂ'fj'D;‘j ﬂ'f;Dij) P ( g

Catalytic Fluxes: gamma model

. 2y RT
Wl,CClt - 2 _ yl pl ZﬂMl
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C@ Heat flux and Diffusion Fluxes

Ny N
1=1 1=1

Diffusion Fluxes: Stefan-Maxwell Equations

N

N
= ' Pi

J=1 k=1
- Ns = = Ns

M €Ty J j € J; = Ui —

— = — = =di — =\ pgi— > ek | Lamb

P =1 (ﬂ'fj'D;‘j ﬂ-‘fipij P g am

Catalytic Fluxes: gamma model

. 2y RT
Wl,CClt - 2 _ yl pl ZﬂMl
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C@

Heat Flux

Heat flux and Diffusion Fluxes

N N

q=—Ax VT + Z hiJd; -H”Ji XiU;

1=1 1=1

Diffusion Fluxes: Stefan-Maxwell Equations

N
Ji=—pi (Z Dijd; + x:V(log T')

=1

|

I

J; = piU;

d; = VX1-+(X¢%1,) _

/

Ambipolar
constraint

e —

M &

p A

J=1

(

Q?@_Jj

—

Q?jj-g_

M,;D;; M;Dy;

Ns
) = d; — —i (PQ’; - E kak) Eamb
p k=1

Catalytic Fluxes: gamma model

. 2y RT
Wl,CClt - 2 _ yl pl ZﬂMl
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Transformed Equations: Levy-Lees Transformation

, u 26 ( ,0n  pore

e V =

f U, jf / Ox + V2€
x

)

(z) = /Ox(PM)rueT% dx

h
he

UeT€ v g
= d
n(z,y) (26)172 /0 pdy
Boundary conditions:
 Wall:
ff(g-o) =0
V(£,0)=0
9(€,0) = gw(&) = hw/he or adiabatic
J! = i
* Edge: 51
g—1
C; —r Cie

Continuity
af'  ov '
25@ + (9_3’] +f =0
Species Continuity
_,8(33' 50,; . 8._7:? 1
2 f 5 +V8n =~ +W,
r Momentum of o 5 of
! pe "2
26f——+V—=0=- +— =
gf@& on 5(0 (f)) an(dn)

Energy

B9 P9 _ 0 (Cog\ w (flf) pep| _ 0 (C Rt
287 o0& i VB?) ~On (Pr Bn) i he [C on P P / on \ Pr ; on he

. N N.
. 2 . _9 nhiy P 0 (S xadi') o9 Ohe
W, = < w; on (Zj“ he) he On (Z Di 281 he O
pue(d€/dx) i=1 i=1
(96 )1/ 2¢ du, pu c
e R I pr = Hopk
i T Tag/de ue d§ (pr)r Afr
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, u 2&(,3?7 pure

- V =

f U, jf f@a:+\/2§
T

)

h
he

9
UeT€ Y
n(z,y) = (25)1/2/0 pdy

Boundary conditions:

e Wall: f
V(£,0)=0
g(£,0) = guw(€) = hw/he or adiabatic
J! 5 = Wi
* Edge: 51
g—1
C; — ’C'i._e

Continuity

2}%+%+f:0
on
83' (9(:?; . 8._7:?
26%4_1/8?) oy N

Pl af' [ pe ne) . 9
29@?*‘”%‘5@ - )+6‘n

Species Continuity

Wi

 Momentum

Energy
e CORA R
e
w-tr P
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Transformed Equations: Levy-Lees Transformation I @/

e Continuity
,_ U 2£<,an pw) S
—_— — V = .
! Ue ac "o " v 2}% + ¥ o Stagnation
dz on .
Point
Species Continuity
’ € 8 i (94; 8._7:? .
§(@) = / (p)ruer™ da h 2«sb§+v a‘; ==y tW Homann’s
0 —_— —
(z,y) UeT* / Y d §= h, r Momentum ; y ; o Flow
M, y) = pay ! 0 f' De !
26)1/2 2%—+V—= (—— "2)+—(C—f )
29 ° : § on # p () on \ On

Energy
Boundary conditions:

«  Wall: g . dg 8 [(C dg 2, 79f\? 8 [ C <x de; h
"E0) =0 - A = A _REC el _ | = E o
f (5 ) 2% + Van 6?’} (PI 677) +X;C (8?} ) B P f 8?’] Pr ‘ 67’] he

V(£,0)=0
9(£.0) = gu(€) = hw/he or adiabatic

* Edge: 51
s g re(26)1/2 o 5= 2§ due c— _PH Pr — HCp, fr
G = cie PTdg/dr ue d¢ (pr)y Atr
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Numerical Solution: Overview

I

0w ow ow ~
a(w)—+b(w)—+c(w)w+e——d(w) il
on? an ¢ An ns

* Discretize the domain in the ¢ and 7 directions
 Discretize the unknown along xi with a 2" order Lagrangian polynomial
W(&ms M) = Lin(Em)wm(n) + Lin—1(&m)wm-1(n) + Lm—2(&m)wm—2(n)

 Discretize the unknown along eta with a 4t order Hermitian polynomial

N3
1 |
w (1) = Ew,m(zz +1) +wp(l—1%) + Ewn—1(12 —0)+Tr(1 =12 + AP (1 = 1%) ,
2
* Continuity equation can be simply integrated M
A
* Linearize the coefficients } 77
0 $1. & $3 0

* Collocate the equations in the nodes and solve

I B, A 1 Wy D, I

02 B2 A2 Wo D2 ‘_'_’
Cg Bg Ag Wws DS
A L . A¢;
Cn—o2 Bn_2 An—o WN-2 Dy_»
Cn_1 By_1 WN_1 Dy 1 — Ax_1wn TFAWS 2025 — August 4-7, 2025 12




¢ direction:

Numerical Method: Resolution Strategy

Initial guess
for u, h, y;

v

Solve stagnation point

\ 4

Initial step size A¢

Has not converged

v

Solve next ¢

Has converged

\ 4

Tune A¢

Has not
converged

Try again

position

a

Tune A¢

A 4

I

n direction:

Initial guess for u, h, y;

\ 4

Solve momentum equation: u’

No BL

a

Has converged

finished?

\ 4

Solve energy equation: h’

\ 4
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Code Overview

Code written in C++. It will be released as open-source when completed.

(fﬁ) BLAST | Private (& Unwatch 2

¥ master ~ ¥ 11Branches > 0Tags Q. Go tofile t Add file ~ <> Code ~

1’*"} domilanza2002 revert 4937599 - last month '13 57 Commits
Debug bugfix for 1 ors 3 months ago
Release evert "Reapply "Premier Commit™" last month
build devert "Reapply "Premier Commit™ last month
src rert "Reapply "Premier Commit™" last month
.gitignore bugfix for 1 species+minors 3 months ago

README Some classes definied. Input files defined. First external varia... 4 months ago

Contact: lanza3@illinois.edu
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Code Overview

108
140
90
120 - S
classes §
CoefficientsClass ) 54 o,
—_ =
EdgeWallvars solvers = 100 2
HeatFluxClass  J continuity TIC S] g
InitialGuess grid_manager inits convergence chem 36 9
MixtureClass grid_gen allocator energy ent2temp 30 E
MNumericalParameters splines cleaner integrators thermo 18
OuterEdge write_solution presentation momentum transport
ProgramConstants numerics wall
ProgramOptions species 60 0
WallParameters _
XiDerClass 40 50 60 70 80 90 100 110 120
ag [\%]
Code structure Convergence study
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Verification

Ideal perfect gas (N,), flat plate with no pressure gradient

[Mae=6, y=1.4, Pr=0.72, 0=0.70, Twrre=6.o}

5 5

— f', velocity fl, Velocity

—— g, static temperature i
47 —— m, stagnation temperature 4 —— g, static temperature

—— m, stagnation temperature
3 3+
et g=n - )
ue he
1+ 1-
L)
1 L L L |
i s s a5 e 5 % i3 3 a4 s 6 7 Error on profiles:
T Non-dimensional variable Non-dimensional variable 10-3 _ 10-1 %
m = _0 (Mac=6, y=14, Pr=072, 0=0.70, Adiabatic|
T, : - 5
Oe — fi velocity f, velocity

—— g, static temperature .

44 —— m, stagnation temperature 4+ g, static temperature
—— m, stagnation temperature
3 3k
= <
2 2k
1 1-
0 T T T T T T T O L
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Non-dimensional variable Non-dimensional variable
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Verification

& I1Q

Comparison with “CO2 Stagnation Line Flow Simulation for Mars Entry Applications” by P. Rini, A. F.
Kolesnikov, S. A. Vasil’evskii, O. Chazot, and G. Degrez (VKI, IPM Moscow, and ULB).

Reactive Cases Comparison

1.01 1.0f
e —_— 02 _—C — 02

- 0 == VKI - 0 == VKI

Mass fractions

0.8f

o
o)

o
S

0.21

0.0

- CO

— BLAST — CO — BLAST

Mass fractions

0.8f

o
o)

o
S

0.21

0.0

Mass fraction comparison. Fully catalytic cases: on the left, OCI with T, = 300K ; on the right, OC2 with T,, = 2100K

0+0 - 0,

CO + 0 - Co,

TFAWS 2025 — August 4-7, 2025
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Results

I

CO2 case inside the Plasmatron with SpaceX starship tile, refractory insulator + RCG coating

10°
v
C
O 10™
3]
© C
s 1072
v
Q107
=
107 =
v 6000 ] ! I ! | ' ]
o
2 4000
o
o Solid: fully catalytic
g 2000 |~ Dotted: non catalytic
= | 1 | 1 | L | 1
8 6 4 2 0
Distance from the Wall, mm
Outer edge: P, = 10400 Pa, Ty = 5530 K, T,, = 1500 K 0+0 - 0, CO+0 - CO,
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Conclusions

I

Key Takeaway

« BLAST is a boundary layer code for chemically reacting gases in thermal equilibrium and
chemical non-equilibrium. It already includes surface catalysis, and an ablation module is
under development.

« The code will be released as an open-source project on GitHub once development and
validation are completed.

 New features and analyses are being added in parallel, with the goal of providing stronger
support for experimental campaigns.
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Further details on the Levy-Lees transformation
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Levy-Lees Transformation

. 0 _ 006 00 _ (pu)mg+(an)a .
5(39) — / (Pﬂ)rue?ﬂe dzr or 00x Onox 0& oxr ) 0 d_‘f _ (P,(L)rue'f'ge
T
0 & 9 ag‘ 0y purc 0

UeT€ Yy T
n(x,y) = 175 / pdy dy f%ﬁy andy  (26)1/2 an
(28)'72 Jo —
/‘ on "
A e
— = pur® (0 aw B % ( ,@ pur
ay " f(&n) = —= __“Y¥ V= fl=+
o . VE| |V =ge v ac\ o TV
O _u E— :/'
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Transformed equations

Continuity
aff oV -
2£¥+%+]€—0 (74)
Species Continuity
_;8(33' (961- o 8._7:? .
26 f OE +V(9n = — an + W; (75)
r Momentum oF of ; o
’ Pe "2
X5 TV = (—— )+—(C,—) 76
e Vo =B (- )+ 5 (5 (76)
Energy
ra_g 8_9—3 ia_‘g ’U,_g (6_1”)2_ &f _i £N3(9(33'h_3
= S +V5'T) ~ (Pl’a”'?)+he [C on Bpf an Pr;{)‘n he
0 & o P p O N i J;" , g Oh,
K (Z"’% he) “hedn (Z o ) hoae T
,_chjfr i=1 i=1
Pr = ———
)\fr
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I

@ Transformed equations: boundary conditions

The transformed cquation_s satisfy the following bmindary conditions at the wall (n=0):

f'(€,0)=0 (78)
V(£0)=0 (79)
9(&,0) = guw(&) = hw/he or adiabatic (80)
Jiyw = ﬁf’i,w (81)
while at edge (n — o0): Or equilibrium wall
fl—=1 (82
g—1 (83
€; — Cje (84)

N, N.
: . dg de; h P Pr<— J'
Adiabatic: o ; an h EZ: J; h ; ;Xi p
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Transformed equations: Stagnation Point

I

Continuity
aVv ;o
% +f =0 (90)
Species Continuity
86;‘ GJ” .
= = L. i ]-
Va?;r an + W (91)
r Momentum o7 3 of
Pe 2
v_:g(__ )+_(c_) 02
=82 0) + 5 (S5 (92

Energy

If a Hiemenz (or Homann)’s flow is considered, then u. — 0 for £ — 0, and the energy equation
simplify further:

g 0 (CAg\ 0 [Cxdcihi\ O [ ahi\ b O [T
Vor = a5 (7o) %(ﬁi—nt) %(Z"?h: o\ p ) O
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Resolution strategy: finite thickness

I

New inputs: v,, 6, 3 (aue)

ox

) uer® [
Nz.y) =Kogim | pdy=Ki )
0 Continuity i
K=—-— 1/pdn Soecies Continuit
5 Uere 0 pecies Continuity
~ 8(3.1' 8‘7:‘3 ~
r Momentum
- O f' - L [ pe - l Pele d (Idu,
9k V=KV ara(i): ((5) k.
~ — P
0 07 = O Izn)
77 77 Energy
~dg 9 ( ) C (?g) 0 (. oC < dei ha 9 o b
V— = — | K= —— |- K —
8p ou ou on o Pr 97 aﬁ( Pr; M e) 8?}( ; Y ohe
e e
a_ Pele PeVe (7
Ox 0, Yy
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Further details on the numerical method
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Numerical Solution

Non-linear 2" order parabolic differential equations

0w ow ow
— +b(w) —+ te—=d
a(w) o (w) o cw)w+e 52 (w)
0
N = 0: f —w T Jw = h Except continuity.
677 Species must be modified.
n =1s. W=Ws
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Numerical Solution: Xi Discretization

2"d order Lagrangian polynomial

W(EmyN) = Lin(Em)wm(n) + Lim—1(Em)wm-—1(n) + Lin—2(§m)wm—2(n)

[T7=0,ji(€ = &m—j)
Lin-i(§) = = o _ : . Ao = : + :
Hj:(),j#i (S"m/—?» S"m/—]) gm — gm—l gm — gm—l
A2 = gm — gm—Q
p (g ) 5 " (gm—l — gm)(fm—l — fm—?)
W\Sm 7 — “ A i Wy o fm — gm—l
85 ZZ_O 2, AQ,’rn—Q (577@—2 — gm)(Sm—Q — gm—l)
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C@ Numerical Solution: Eta Discretization

For the m-th station in the ¢ direction:

a(wm) G + b(wn) G2 + (c(w) + (W) Apm)wm = d(wn) — e 74 Ay iWm
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&? Numerical Solution: Continuity Equation

OF av
2655 + g T F =0 ) | 2% A iFnit+ G+ F =0

7
Vin(n) :/U (—(26Agm + 1) Fy — 26(Ag 1 Frn1 + Moo F2)) dn

TFAWS 2025 — August 4-7, 2025 31



I

Numerical Solution: Eta Discretization

4t order Hermitian polynomial:

| |
w(n) = Ewm(ﬁ +1)+w,(1—1%) + Ew”_l(tz —0)+Tt(1 =12+ Ar* (1 = %)
I:U—% i_Li
An dn_ﬁr}dr
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Numerical solution: Non linear Coefficients

I

a(wm)ﬁ T b(wm)ag_nm + (c(wm) + e(wm)Aom)wm = d(wp) — e Z?:l A m—iWm—i

Remove non-linearity of a, b, ¢, e by using the (m-1)-th station (or previous iteration)

2
0w Ow
a 2m -+ b—m + (C + 6A2,m) Wy, = d(wm) — € Z AQ,m—iwm—i
on on .
=1
Divide d in 2 parts:
Constant Linearized

d = d(wy,_1) + F(w,,)
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As

Cn_2

By
Cn-1

An—g

By

WN_—9

\ w1/

Solved using Thomas’ algorithm

TFAWS 2025 — August 4-7, 2025
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Numerical Solution: Species Equation

Yy Oy; 0 j@n '
28 F +V | = W;
73 dn  On
Issue: first-order differential equation ‘ Add fictitious fluxes
dy;
—pD a— 2"d order differential equation
A . ayl Y m
dd and subtract: | Fi=p D E
+ p D % Fictitious flux
oy m—1
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Numerical Solution: Species Equation

Regarding the boundary condition, use the catalytic fluxes:

0Y;
o

— Wi, cat — Jf,z'

y N .
Jz’,w - wi,cat J?Ey,w o pD

dy; . oW s —
_pD ay — Wi cat — Jf,i — J@y,w f@’r] gw=h

N .
. . [ OW,
m,m — 1,m—1 _I_ Z ay (yj,m — yj,m—l)
J=1 J m—1

Coupling between the species equations -> Block-tridiagonal matrix!
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Further details on the verification
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| 0

Table 1 Operating conditions for the VKI- Table 3 Rebuild conditions [T,,= 300 K] for two

operating conditions.

&? Verification: Reactive case

Plasmatron.

OC T.[K] he[MJ/kg] Vi [m/s]

OC Py kW] Pgatic  Pritor [Pa]  gf (MW /m?]

1 . ' VKI 1 5909 14.53 92.82
0 7000 13.80 0.665 IPM 1 5932 14.71 93.10

2 180 7000 31.92 1.232 VKI 2 6514 25.96 161.88
IPM 2 6556 26.67 162.80

Table 4 Bulk chemistry reactions (McS).

Dissociation reactions d
COy+M—CO+0+M '
O2+M—0O+0+M
CO+M+—C+0+M
Neutral exchange reactions _ Syl |
CO+0<=C+0; AL
CO2+0-=CO+0;, a) OC1, T,,=300 K. d) OC2, T,,=2100 K.

=
=

"""""""""""""""""""

Mass fractions

._
=
:

=S

~J
s, O
>

Pietro Rini, Anatoly Kolesnikov, Sergei Vasil'evskii, Olivier Chazot and Gérard Degrez. "CO2 Stagnation Line Flow Simulation for Mars
Entry Applications," AIAA 2005-5206. 38th AIAA Thermophysics Conference. June 2005.
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Verification: ldeal Perfect Gas

Verification cases: Calorically perfect and ideal gas

Continuity

r Momentum

Energy

3.
4,

8(pu) _ (pv)
=0

ox N oy
ou Ju dp. 0

SO Oh 0 (0T | dp. (0w
Ploe TP oy Oy \ Oy az oy

Flat plate case with no pressure gradient, Pr=1, given Tw
Flat plate case with no pressure gradient, Pr=1, adiabatic
Flat Plate case with no pressure gradient, variable Pr, given Tw

Flat Plate case with no pressure gradient, variable Pr, adiabatic

(138)

(139)

(140)

GRAINGER ENGINEERING



Verification: ldeal Perfect Gas

Plate flow, no pressure gradient, Pr=1, given Tw

 Calorically perfect and ideal gas: air, C, = 1005 J/KgK,y = 1.4, R =287 J/KgK

Flat plate, no pressure gradient->constant edge velocity->constant edge temperature

du, 1 dpe 1u,?

dpe
= - = — = - = = = = —_ D> =
I 0o -> I ot dx 0 ->u, = const. hy = C,Ty = const = C,,T, + 27, T, = const
.. ou du 0 du
« T, Isgiven et I8
w 159 ow T oy T By (“ay)

C »u% + qr% — i (k@)
Pr = 1-> viscosity proportional to thermal conductivity: k = % = uC, P TP dy Oy Ay

n
Viscosity follows a power law: u = u, (Tl) Mo =1.72-10">,Tq =0°C, n=0.7
0

Boundary layer with 20 points along x, from 0 to 1, and 300 points along y, with eta from 0 to 6
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&& Verification: Ideal Perfect Gas

I1Q

Plate flow, no pressure gradient, Pr=1, given Tw

- T,=1500K, P = 101325 Pa, u, = 5000 m/s, T,, = 5000 K -> Ma, = 6.44

¥ =0.0 ®x =0.8421053
6 — f 6 — f
— g — g
5 5 -
4 4-
(157
g 3 g 3
2 2
1 1
0 0
0 1 2 3I -'-II 0 1 2 3 4
Value Value
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Verification: ldeal Perfect Gas

Plate flow, no pressure gradient, Pr=1, given Tw

U —1 u
. T,=1500K, P = 101325 Pa, u, = 5000 m/s, T,, = 5000 K | 7~ Tw = (To. = Tu) (—) - 5 MalT, (—)

Ue

Non-dimensional temperature Profile for x = 0.0 Non-dimensional temperature Profile for x = 0.8421053

6 - —— Computed g Profile 6 —— Computed g Profile
—-== Expected g Profile —-== Expected g Profile
5 1 5 1
4l 4 Max g error = 1.03185e-3
Max T error =1.55 K
831 g 3 %Te error = 0.1%
2 2 1
1+ 14
0 0
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Non-dimensional temperature g Non-dimensional temperature g
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Verification: ldeal Perfect Gas

I1Q

Plate flow, no pressure gradient, Pr=1, given Tw

+ T,=5000K, P =101325 Pa, u, = 5000 m/s, T,, = 1500 K -> Ma, = 3.53

x=0.0 x =0.8421053

6 T & 6 _f

— g - 49

5 5

4 4 -

2 2

1 1-

4] 0

T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

value value

AFROQPACI 0N TN D D T AT

AEROSPACEENGINEERING ® GRAINGER ENGINEERING




Verification: ldeal Perfect Gas

Plate flow, no pressure gradient, Pr=1, given Tw

u v—1 u\’
- T,=5000K, P =101325 Pa, u, = 5000 m/s, T,, = 1500 k| T~ T = (Toe = Tu) (u—) -5 MaT, (E)

Non-dimensional Temperature Profile for x = 0.0 Non-dimensional Temperature Profile for x = 0.8421053
6 - —— Computed g Profile 6 - —— Computed g Profile
——- Expected g Profile ——- Expected g Profile
5 1 5 4
4 - 4

Max g error = 3.095e-4

© 5] © 3 Max T error =1.54 K
v o
%Tw error = 0.1%

2 2 -

1 - 1-

0 1 0-

0.4 0.6 0.8 1.0 12 0.4 0.6 0.8 1.0 12
Mon-dimensional Temperature Non-dimensional Temperature
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Verification: ldeal Perfect Gas

Plate flow, no pressure gradient, Pr=1, adiabatic

- Calorically perfect and ideal gas: air, C, = 1005 J/KgK,y = 1.4, R = 287 J]/KgK

Flat plate, no pressure gradient->constant edge velocity->constant edge temperature

dpe _ _ due__ 1 dpe _ _ _ _ — _ luL_ —
T 0o -> i 0 ->u, = const. hy = C,Ty = const = C,,T, + 2°C, > T, = const
. . oT dg du du 0 ou
« Adiabatic wall: =—k—=0-> —=0 — )— =
Uw ay an Poe TPy = By (“ 6‘y)
0Ty oIy, 0 (, 0Ty
C P o T dy  dy K Jy
 Pr = 1-> viscosity proportional to thermal conductivity: k = % = uC, : :

n
» Viscosity follows a power law: u = u, (Tl) Mo =1.72-10°Ty=0°C, n=0.7
0

* Boundary layer with 20 points along x, from 0 to 1, and 300 points along y, with eta from 0 to 6
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&& Verification: Ideal Perfect Gas

I1Q

Plate flow, no pressure gradient, Pr=1, adiabatic

2
T, = 5000 K, P = 101325 Pa, u, = 5000 m/s -> Ma, = 3.52 me0 Lo U o
Toe  Toe 2C,Toe
x=0.0 x = 0.8421053

6 1 — f 6 _—r

R ? — ¥

5 ik . —
4 4
2 - 5 ]
1- 14
0 | 0-

0.0 0.5 1.0 1 5@”& 2.0 2.5 3.0 3.5 0.0 0.5 1.0 15 2.0 2.5 3.0 35

Value

ATFR-O6-SPA-CF—TFN-CI NI RIN-6
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Verification: ldeal Perfect Gas

Plate flow, no pressure gradient, Pr=1, adiabatic

2
u
T, =5000K, P = 101325 Pa, u, = 5000 m/s -> Ma, = 3.52 T=To— 5
p
Non-dimensional Temperature Profile for x = 0.0 Non-dimensional Temperature Profile for x = 0.8421053
6 1 —— Computed g Profile 6 —— Computed g Profile
——- Expected g Profile ——- Expected g Profile
5 54
4 4
Max g error = 1.238e-3
" 5 - Max T error = 6.19 K
T T
%Te error = 0.13%
2 1 2
14 14
04 04
l.IO l.IS 2:0 2:5 3.I0 3.I5 l.I(J 115 2:0 215 3.I0 3.I5
Non-dimensional Temperature Non-dimensional Temperature
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Verification: ldeal Perfect Gas

Plate flow, no pressure gradient, variable Pr, given Tw

 Calorically perfect and ideal gas: air, C, = 1005 J/KgK,y = 1.4, R =287 J/KgK

Flat plate, no pressure gradient->constant edge velocity->constant edge temperature

du, 1 dpe 1u,?

dp.
= - = — = - = . = = = —_ > =
. 0 Ty ot dx 0 ->u, = const. hy = C,Ty = const = C,,T, + 27, T, = const
. T, isgiven ey as = -2
C ! 2 dh. efle ;1 e 1142
* Pr = const-> viscosity proportional to thermal conductivity: k = —* ‘ N

n
Viscosity follows a power law: u = u, (Tl) Mo =1.72-10">,Tq =0°C, n=0.7
0

Boundary layer with 20 points along x, from 0 to 1, and 300 points along y, with eta from 0 to 6
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&? Verification: Ideal Perfect Gas I

Plate flow, no pressure gradient, Pr=0.72, given Tw

~

Ma,=6, T, = 1500 K, (P = 101325 Pa) -> u, = 4658 m/s, ~=6 — T, =9000K, Pr = 0.72

T,
[Mae=6, y=1.4, Pr=0.72, 0=0.70, Tw,!Te=6.0]

5 5

— f, velocity —— f, velocity

—— g, static temperature .
41 —— m, stagnation temperature 4+ g, static temperature

— m, stagnation temperature
3 3+
- <
2 i
1- 1r
D T T T T T T 0 | | I | |
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Non-dimensional variable Non-dimensional variable
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C@

Verification: ldeal Perfect Gas

I1Q

Plate flow, no pressure gradient, Pr=0.72, given Tw

Ma,=6, T, = 1500 K, (P = 101325 Pa) -> u, = 4658 m/s, f,—w =6 > T, =9000K, Pr=0.72

Non-dimensional Velocity Profile for x = 0.0

1 —— Computed f' Profile
-—- Expected f' Profile

T
0.0

T
0.2

T T T T
0.4 0.6 0.8 1.0
Non-dimensional Velocity

AFROQPACI 0N TN D D T AT

Non-dimensional Velocity Profile for x = 1.0

6 T —— Computed ' Profile
-—- Expected f' Profile

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Mon-dimensional Velocity

AT NUST ACTE TINOTITIVETLNTIVGSG
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Verification: ldeal Perfect Gas

I1Q

Plate flow, no pressure gradient, Pr=0.72, given Tw

Ma,=6, T, = 1500 K, (P = 101325 Pa) -> u, = 4658 m/s, f,—w =6 > T, =9000K, Pr=0.72

Non-dimensional Temperature Profile for x = 0.0

—— Computed g Profile
—-=- Expected g Profile

AFROQPACI 0N TN D D T AT

Non-dimensional Temperature Profile for x = 1.0

6 —— Computed g Profile
—-—- Expected g Profile

1 2 3 4 5 6
Mon-dimensional Temperature

AT NUST ACTE TINOTITIVETLNTIVGSG

® GRAINGER ENGINEERING



Verification: ldeal Perfect Gas I

Plate flow, no pressure gradient, Pr=0.72, given Tw

~

Ma,=6, T, = 1500 K, (P = 101325 Pa) -> u, = 4658 m/s, ~=6 — T, =9000K, Pr = 0.72

Te

Error on non-dimensional velocity profile f’: 6.95e-6
Error on velocity profile u: 0.033 m/s
%Error on velocity profile:0.000695%

Error on non-dimensional temperature profile g: 6.98e-4
Error on temperature profile T: 1.04 K
%Error on temperature profile:0.0698%
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Verification: ldeal Perfect Gas I

Plate flow, no pressure gradient, variable Pr, adiabatic wall

 Calorically perfect and ideal gas: air, C, = 1005 J/KgK,y = 1.4, R =287 J/KgK

Flat plate, no pressure gradient->constant edge velocity->constant edge temperature

dp. du, 1 dpe 1ue
= -> = — = -> = = = = —_— > =
=0 Ty ot dx 0 ->u, = const. hg = €Ty = const = C,T, + c, T, = const
= = aT ag IAY "o |: 12 }08:|
. . = —K— = - — = Cr)+ff"=p|(f) ==
Adiabatic wall: gq,, k 3y 0 P 0 p

c )\ ) 2% dh p ,du, s
(E) a2 e e ] e

* Pr = const-> viscosity proportional to thermal conductivity: k = "P—Crp

n
» Viscosity follows a power law: u = u, (Tl) o =1.72-10">,Tq =0°C, n=0.7
0

 Boundary layer with 20 points along x, from 0 to 1, and 300 points along y, with eta from 0 to 6
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Verification: ldeal Perfect Gas

Plate flow, no pressure gradient, Pr=0.72, adiabatic wall

Ma, =6, T, =1500K, (P = 101325 Pa) -> u, = 4658 m/s, adiabatic, Pr = 0.72

[Mae=6, y=1.4, Pr=0.72, 0=0.70, Adiabatic]

5 5

— f', velocity i velocity

—— g, static temperature ]
4+ —— m, stagnation temperature 4 —— g, static temperature

—— m, stagnation temperature
3 3+
c -
2 i
14 1t
D T T T T T T T 0 | | | | I |
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Non-dimensional variable Non-dimensional variable
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Verification: ldeal Perfect Gas

I1Q

Plate flow, no pressure gradient, Pr=0.72, , adiabatic wall

Ma, =6, T, = 1500 K, (P = 101325 Pa) -> u, = 4658 m/s, adiabatic, Pr = 0.72

Non-dimensional Velocity Profile for x = 0.0 Non-dimensional Velocity Profile for x = 1.0

6 1 —— Computed ' Profile 6 T —— Computed ' Profile

-—- Expected f' Profile -—- Expected f' Profile
5 51
4 - 4

%37 g 3
2 2
1 1
0 1 0
T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Non-dimensional Velocity Mon-dimensional Velocity
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Verification: ldeal Perfect Gas

I1Q

Plate flow, no pressure gradient, Pr=0.72, , adiabatic wall

Ma, =6, T, =1500K, (P = 101325 Pa) -> u, = 4658 m/s, adiabatic, Pr = 0.72

Non-dimensional Temperature Profile for x = 0.0 Non-dimensional Temperature Profile for x = 1.0
6 —— Computed g Profile 6 - —— Computed g Profile
--=- Expected g Profile -—=- Expected g Profile
5 51
4 - 4
g 3 g 3
2 2
1 1
0 1 0
T T T T T T T T T T T T T T
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Non-dimensional Temperature Mon-dimensional Temperature
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Verification: ldeal Perfect Gas I

Plate flow, no pressure gradient, Pr=0.72, adiabatic

Ma,=6, T, =1500 K, (P = 101325 Pa) -> u, = 4658 m/s, adiabatic, Pr = 0.72

Error on non-dimensional velocity profile ’: 3.15e-5
Error on velocity profile u: 0.14 m/s
%Error on velocity profile:0.00315%

Error on non-dimensional temperature profile g: 3.0e-3
Error on temperature profile T: 4.5 K
%Error on temperature profile:0.3%
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