PPNS.1 Pressure Projection Algorithms for RaNS

Pressure projection: RaNS methods enforcing only DM”
DM": V-u:O:>HVh-uhH£8>O iteratively

“famous” named algorithms 1n the class include

MAC, SMAC — Los Alamos Nat. Lab
SIMPLE,- ER, -EC, -EST — Imperial College, UK
PISO — Imperial College, UK
Operator splitting — Univ. Houston
Continuity constraint — Univ. Tennessee

fundamental PPNS theory ingredients

1. measure error in V"-u” via a potential function ¢"
2. employ ¢” to moderate DM" and/or DP” error via
- velocity correction
- pressure correction
3. iterate DP" + DM" until [v* -u'|<e

4. determine genuine pressure field



PPNS.2 Pressure Projection INS PDE + BC System

For unsteady, laminar-thermal non-D INS in n-D

PDES: L(ul) — aui +1. aui _Re_l Vzui +Eua_p+ Grz @gl :O
ot J 8xj ox, Re
L(@):a_®+u.a—®—Pe‘1V2®—s=0
o0 0

J

L(¢)=-V*¢+V-u=0

L(p)=—Euv?p—-2 [u ou; Gt @)giJzo

ox |7 Ox Re’
BCs: on 0Q2. . . : u;,0, pon X, usually given
(d)=n-V$=0
on 0 qon - Y(g)=0-V(u,0)=0
d=0
((p)=n-Vp+ f(Re”' V’u-n,ou,/0t)=0
onoQ . :u,=0=n-Vo

n ref. Williams & Baker,
(@) =1-VO+Nu(®-0,)=0 [JNMEF, Part B, V.29

U(p)=h-Vp+ f(Re" Vu-h)=0 (1996).



PPNS.3 GWSI + 0TS for Unsteady PP INS

The PPNS PDE + BCs system contains familiar expressions

for g(x,6) = ¢" = ¢" =U,({N, (0,0} 10(1)},), and {0(1)} = {U1,U2,U3, TEM}"
GWS" +0TS = {FQ} =[MASS]{AQ} + At{RES(Q)}|, = {0}
then, GWS" = GWS" =S_{WS}_ ={0} and
{FO}, =[M200], {OP —QN}, + Ar({UJ}][M300J1,40},
+Pa”'[M2KK], {0}, — {b(Q, QA)}, +{BCs}, ),

for q,(x,t)~q" =¢"..., and {QA}={PHI, PRS}’
GWS" = GWS" =S_{WS}, ={0}, and
{FOA}, =Pa[M2KK] {OA}, —{b(Q)}, +{BCsj,

For matrix statement : [JAC]{80}"" = —{FQO}” and [JAC]= S, [JAC],

Newton: (JUU JUV JUW JUT JU¢ |
Jvv . - IVo
[JAC], =| - - JWW - TWé

JIT 0
JoU  J¢V  IoW 0 Jod |




PPNS.4 Iteration Strategy for PPNS GWS" + 0TS Algorithm

PPNS iteration strategy is independent of Newton choice
key formulation issues: DP’" = f(DM" via P,)
DM" = f(V"-u", ¢"at iteration p+1)
p
P, =2®+(0A1)' ) 8,
a=0
P =GWS"(L(p),[0""

solution initiation:  ICs for ¢" are never (!) available

E < 8)n+l
for u °ﬁ‘ag. BCs: 1terate DPh If(DMh,po = 0)
p
P, =0+(0Ar)" > 8¢
oa=0

. ‘¢p+1

<&, u"(x,#,) is initialized
solve GWS"(L(p))= p,, index n, repeat iteration cycle

for P‘m, BCs: solve GWS"(L(p)=0 homogenous = p(X,%,))
iterate DP" = f(DM", p,)

p
P, =0+(0A0)"> 50"

o=0



PPNS.5 {FQ}. Template Essence for GWS" + 0TS PPNS Algorithm

GWS" + 0TS for PPNS initial-value PDEs

{FO}, =[M200],{OP — QN}, + Af[{UJ},[M300J],{0},
+Pa” [M2KK],{0}, —{b(Q)}, +{BCs}. ],

template essence:

FQ;, =()()1 3(0; DIM200]{QP — QNj}
+(Af)( ){UJ}(EKJ; 0)[M300K {OP,QN},

+(At,Ra™)( )( )EIK,EJK;-1)[M21J]{OP,QN}, — {b(0)},
for {Q}. = {Ul}.:

{b(UDN)}, = OO{}(EKT; 0)[M20K |{PHI+SPHN}
+HAHO){}(EKT; 0)[M20K]{PRESN}

+(At,Gr/Re?, GDOTI)(){}(0; 1)[M200]{TEMP},
for {Q}. = {TEMP}.:

{b(TEMP)}, =(A)( ){ }(0;D[M200]{SRC},
+(At,Nu,Pe™)( ){ }(0;1)[N200]{TEMP —TREF},



PPNS.6 [JAC], Template Essence for GWS" + 0TS PPNS Algorithm

The Newton jacobian for {QI} in DP", I not summed

[JACII], = 0{FUI}, /0{UI}, = ( )( ){ }(0; DIM200][ ]
+(A)( ){UJY(EKJ; 0)[M300K][ ]
+(A)( ){UL}(EKT; 0)[M3K00][ ]
+(At,Re™)( ){ WEIK,EJK;-D[M2LJ][ ]
[JACLJ], = 0{FUI}/0{UJ}
= (Ar)( ){UIL}(EJI; 0)[M3J0O0][ ]
[JACI9], =( )( ){ }(EKI; 0)[M20K][ ]

[JACI®], = (At,Gr/Re*,GDOTI)( ){ }(0;1)[M200][ ]



PPNS.7 GWS" = TWS" + 0TS for PPNS, Accuracy, Stability

TS exercise on L (q) generates a Kinetic flux vector jacobian matrix

DP, DE: 0 0 0
L(q) =+ ——|u,g=Pa” =L |=s(q) =0
ot Ox; Ox
q,+0f,;/0x, :>qt+Aj§— f,=u,q and A, =0f,/0q
TS: q"" = q" +Atg! +1/2A87q" +1/6 A’ q" + O(At?)
0q
=-A
qt jax
go=="tan, X pa A, 21
ox; ' ot “ox,
0 0 dq 0 9q
=. —|AA ZLl+p—|AAA
T = 0 {Yﬁxk( j at) : 8xk[ axfﬂ

Substituting into TS, taking lim (TS) = &> 0 produces

L"(q) = . ALY
(9)= 2 ox ot " 3ex, U7 ot

At @ {BAjAka_qwgi(A A gqj ~0

ox, 3 ox, X, )

DP, DE: At 0 {QA 8q+ At 0 (A 8q}




PPNS.8 TWS" + 0TS for PPNS, Kinetic Flux Vector Jacobian

TWS" requires A;j, AjA, and AjA A be formed for INS

= for g = {u;, ©®}: u, +u, 0]

(1 not summed) A A ] U, +u, u,+ud;, 0
/ / u; +uy
0 u,

J

u181], Oflu, +usd,, O
[A A ]=
/ 0 , u. 0 , u

J

:{ujuk+uu8 +u,u;0;; +uu;0,0 0 }

JriT ik 171 ik
0 , U

Since [A;] is diagonal, generates no g cross-coupling and

uu%+uu 0
5AA861 o | 7" ox T ox,
ox,| “ o,




PPNS.9 TWS" + 0TS for PPNS, Alternative 3-Term Forms

The TS lead B-term for g = {u;} has been generated many ways
BAt[

balancing tensor diffusivity : 8 t[A A ]~ u ukJ

defining local time scale At /2 = h/ ‘ue‘ leads to

Petrov — Galerkin ; % [A A ] = Bh[ﬁ u k]

uniform Q" . h=C(det,)"

non — uniform Q" . h= f(h, paralleltou,)
for Re >> 1, TS exercise on steady — state INS generates lu Uy J identically

uniform Q" : B=h’Re/12, h=C(det,)"" not arbitrary!

non — uniform Q" : h=> h, 1s not analyzed




PPNS.10 TWS" + 0TS, Unsteady Thermal Cavity Validation

8:1 thermal cavity flowfield transitions to unsteady for Ra > 3.1ES

Graded 40 x 200 Q"

h - _ _
to scale & rectangularized GWS" + 0TS steady solution, 6 = 0.55, Ra=3.4E5

B
7
i
5
4
3
b
1
0

- . . . - L 1 'l I L L L i L L L L L i L i
o Q 0.25 0.5 0.75 1

Continuation at © = 0.5 after 100A¢

a8

=2 - (%] w = o @ i
TTTTT TTTTT TTTTT T T T o T




PPNS.11 TWS” + 0TS for PPNS, Closure for Turbulent Flow

Unsteady, non-D Reynolds-averaged INS with TKE closure

DM: Vau=0

DP: 2, u.vutEwp-V-(Re'+v/)Vu+—t 05=0
ot Re

DE: D vo-v.(pet +Pr! v ) VO s, =0

ot

DE(k): %+u-Vk—V-(Pe‘l+vt/Prt)Vk+TVu—a=0

DE(e): %w-vﬁ—v-(cgvf/Pf)v8+c§T%Vu—c§gz/k:0
PPNS iterative closure strategy

DM"  L()=-V*$+V-u"=0
U(p)=-Vo-n—u™ —u")-n=0

V.DP: L =-EuV’p-su,0)=0
/(p)=Vp-i+ f(Re, V'u-n)=0



PPNS.12 BCs for n-D TKE Closure, Law-of-the-Wall

In n-D, low Re' region resolution is computationally intense

v+

recall Cole’s law: 60 —T :
j+—— Sublayer % Li:;%r + lEgge:c: ___[
-1
U'=u/u =x log(y'E)+B ok i
yi=u.yl/v L
20 [~ , = -
for near-wall production = dissipation Y s Ut = Ltny* + B )
0 _ 1 - 1 1
m t __ 2 4
DE (k) = V = Kyu, 1 10 10 10° - 10
2
k=ul/C,
-1 3
e=(xy) |u,

T, =, /C“k = uT(CM)_”2

law-of-the-wall BC strategy

U; (Mg ) =0
k,e(n, ., =k,e from DE" (k)

requires solution for u_ at each wall +1node

= consistancy check mandatory !



PPNS.13 TWS" + 0TS PPNS Algorithm Template Essence

TWS" + 0TS for g" = {U1, U2, U3, T, PHI; K, EPS, T1J: PRES}’

q-Newton [JAC].: [JUU, JUV, JUW, 0, JUG]
JVU, JVV, JVW, 0, JV¢| |IJKK, JKE, IKT,
JWU, JWV, JWW, JWT, JW¢| ;| JEK, JEE, JETU} :[JPP]
JTU, JTV, JTW, IJTT, O JTK, JLE, JLT, |
| JOU, TGV, ToW, 0, oo |

Iteration stabilization accrues to segregated state variable delay

for {O1}7 = {UL,T, ¢}, : {FQL}? = (FOI(Q2N)}
for {02}, ={K,EPS,T,}, : {FO2}! = {FO2(QIN)}
at convergence for {Q1}, {02}, solve for {PRES}

restart iteration loop

n+l

Template follows in aPSE area



PPNS.14 TWS" + 0TS PPNS Algorithm, Turbulent Duct Flow

Turbulent duct flow, Re/L = 4 x10°, TWS B=0.2; ¢, ZP, pressure, K, €

Pressure, E 02 o, E-04 >0, E-04
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PPNS.15 TWS"+ 0TS PPNS Algorithm, Turbulent Duct Flow

Turbulent duct flow, Re/L = 4 x10°%, BC resolution, iterative convergence

wvelocity (m/s)
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PPNS.16 : RaNS+TKE CFD Prediction of Turbulent Flows

Accurate prediction requires close attention to detail

RaNS$S N
D) :L(g)= ‘1 (= f7)-s=0, on Q X t cR"xR'
.Xf

INS : q = {u,v,w,k,s,(p,P}, and Veu= (
f]: :]?(l/l],q,pé‘l])
[ =1 (gRePrRe’z,.CT.5)
=s(q,Gr,Re, 7 ;,£,5;)

Basically a time balance with kinetic and dissipative flux vectors

TWS* 4TS {FO}~M200(0,1)]. {AQ} +AIM20JL {FJ-FV.I} - (b
(FVJ} ={f Re™) S;, (Re'/Re)S;, (BRe)@,u_j,Sij)}e

— one must generate these data for confidence




PPNS.17 RaNS Dissipative Flux Vector GWS Algorithms

GWS" (/)= |, Wax) L (£ de =S, {WS()} =10}
(WS() = | {N}(f]f)(Re,Ret,,B,....Sij))ed'c
Q

RaNS dissipative flux vector template pseudo-code

{FJI(v)}. = (Re™)( ){ }(EJK;0)[M20K]{UI}
+(Re™)( ){ HEIK;0)[M20K]{UJ}
{FJI(Re"} = (Re™")( ){RET}(EJK;0)[M300K]{UI}
+(Re™)( ){RET}(EIK;0)[M300K]{UJ}
(FJI(B)} = (Re/12)(h*) {UJ, UK} (EKL;0)[M300L]{UI}
+(Re/12)(h*) {UL UK} (EKL;0)[M300L]{UJ}

boundary conditions : apply zero at nodes where flux vector vanishes(only)
all other boundary nodes float




PPNS.18 RaNS Dissipative Flux Vector Distributions

RaNS + TKE turbulent entrance duct TWS" solution
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PPNS.18A RaNS Dissipative Flux Vector Distributions

RaNS$ + TKE turbulent entrance duct TWS" solution

Reynolds Stress T12 Kolesnikov Beta Flux FK12

TKE Madel TKE Model
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PPNS.18B RaNS Dissipative Flux Vector Distributions

RaNS + TKE turbulent entrance duct TWS" solution
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PPNS.18C RaNS Dissipative Flux Vector Distributions

RaNS + TKE turbulent entrance duct TWS" solution
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PPNS.18D RaNS Dissipative Flux Vector Distributions

RaNS + TKE turbulent entrance duct TWS" solution
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PPNS.18E RaNS Dissipative Flux Vector Distributions

RaNS + TKE turbulent entrance duct TWS" solution
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PPNS.19 Summary: Pressure Projection RaNS Algorithms

TWS" + 0TS PPNS iteration algorithm applicable to RaNS

key formulation issues: DP" = f(DM" via P",/)
DM" =f( vi-u" ¢" at iteration p+1)

a+1
P =20+ 0A)" 3 3¢

a=0 pn+l

Pyii= GWS'(L(P), [¢"'| <&}

solution 1nitiation: ICs for ¢" are never (!) available

Algorithm performance fully resolvable

flux vector distribution solutions highly informative
turbulence model phenomena detailed
numerical dissipation clearly visualized
meshing adequacy predictable via energy norms
— a robust CFD basis




