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Study for the computational resolution of conservation
equations of mass, momentum and energy.
Numerical analysis and turbulence models

Annex A

Heat conduction code

1 // -----------------------------------------------------------//

2 // //

3 // Study for the computational resolution of //

4 // conservation equations of mass , momentum and energy //

5 // Numerical analysis and turbulence models //

6 // //

7 // -----------------------------------------------------------//

8 // Author: Gerard Toset Alonso //

9 // Date: June , 2023 //

10 // Code: Chapter 3 - Conduction heat transfer //

11 // -----------------------------------------------------------//

12 // GENERAL DESCRIPTION //

13 // - SOLVER : Gauss -Seidel //

14 // - Transient regime //

15 // - 2D spatial discretization - Cell -centered nodes //

16 // - NOTE: This code is used to solve the 4-materials //

17 // problem. By changing boundary conditions , the //

18 // other verification cases can also be solved. //

19 // -----------------------------------------------------------//

20 // //

21 // VERIFICATION CASES //

22 // //

23 // CASE 1: Only 1 material with lambda =10e8. All the faces //

24 // have convection with external fluid at T_g and alfa_g. No //

25 // volumetric heat generation //

26 // //

27 // CASE 2: Only 1 material. Upper and lower faces are //

28 // adiabatic. Left wall has convection with T_esq , alfa_esq //

29 // and right wall has convection with T_dret , alfa_dret. No //

30 // volumetric heat generation //

31 // //

32 // CASE 3: Materials 1 & 4. Upper and lower faces are //

33 // adiabatic. Left wall has convection with T_esq , alfa_esq //

34 // and right wall has convection with T_dret , alfa_dret. No //

35 // volumetric heat generation //

36 // //

37 // CASE 4: Materials 1 & 4. Upper and lower faces are //

38 // adiabatic. Left wall has convection with T_esq , alfa_esq //

39 // and right wall has convection with T_dret , alfa_dret. //

40 // Volumetric heat generation at material 1. //

41 // //

42 // -----------------------------------------------------------//

43
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ANNEX A. HEAT CONDUCTION CODE

44 #include <iostream >

45 #include <cmath >

46 #include <vector >

47 #include <fstream >

48 #include <iomanip >

49 using namespace std;

50

51 // -----------------------------------------------------------//

52 // ------------------ Constant definition ------------------ //

53 const double pi = M_PI;

54 const double beta = 1.0; // 0: explicit - 1: implicit - 0.5: Crank -Nicolson

55 const int N = 150; // Number of CVs in X direction

56 const int M = 150; // Number of CVs in Y direction

57 const int nmax = N+2;

58 const int mmax = M+2;

59 const double delta = 1e-6; // Convergence parameter

60

61 const double T_esq = 33.0 + 273.0;

62 const double T_dret = 10.0 + 273.0;

63 const double T_inf = 23.0 + 273.0;

64 const double T_sup = 130.0 + 273.0;

65 const double alfa_esq = 9.0;

66 const double alfa_dret = 3.0;

67 const double alfa_inf = 0.0;

68 const double alfa_sup = 0.0;

69 const double q_w = 54.55;

70

71 typedef vector <double > vect;

72

73 // -----------------------------------------------------------//

74 // ----------------- Functions definition ------------------ //

75 void geometria(double L, double H, double& Delta_X , double& Delta_Y , vector <double

> &r_X , vector <double > &r_Y , vector <double > &X_VC , vector <double > &Y_VC);

76 void blockoff(double H, vector <double > &r_X , vector <double > &r_Y , vector <vector <

double > > &MAT , vector <vector <double > > &dens , vector <vector <double > > &cp,

vector <vector <double > > &lambda , double propietats [4][3]);

77 void harm_mean(vector <double > &r_X , vector <double > &X_VC , vector <double > &r_Y ,

vector <double > &Y_VC , vector <vector <double > > &lambda , vector <vector <double > >

&lambda_East , vector <vector <double > > &lambda_West , vector <vector <double > > &

lambda_North , vector <vector <double > > &lambda_South);

78 void temperature(vector <vector <double > > &T_nmu , vector <vector <double > > &T_est ,

vector <vector <double > > &aE , vector <vector <double > > &aW , vector <vector <double >

> &aN, vector <vector <double > > &aS, vector <vector <double > > &aP, vector <vector

<double > > &bP);

79 void convergence(vector <vector <double > > &T_est , vector <vector <double > > &T_nmu ,

double& max_dif);

80 void coeff_a(double W, vector <vector <double > > &dens , vector <vector <double > > &cp,

double Delta_t , vector <double > &r_X , vector <double > &r_Y , double Delta_X ,

double Delta_Y , vector <vector <double > > &lambda_East , vector <vector <double > > &

lambda_West , vector <vector <double > > &lambda_North , vector <vector <double > > &

lambda_South , vector <vector <double > > &aE, vector <vector <double > > &aW, vector <

vector <double > > &aN , vector <vector <double > > &aS , vector <vector <double > > &aP)

;

81 void coeff_b(vector <vector <double > > &bP, double t, double W, vector <vector <double

> > &dens , vector <vector <double > > &cp , double Delta_t , vector <double > &r_X ,

vector <double > &r_Y , double Delta_X , double Delta_Y , vector <vector <double > > &

lambda_East , vector <vector <double > > &lambda_West , vector <vector <double > > &

lambda_North , vector <vector <double > > &lambda_South , vector <vector <double > > &T

, vector <vector <double > > &q_VP , vector <vector <double > > &q_VPnmu);

82 void update(vector <vector <double > > &new_val , vector <vector <double > > &

previous_val);

83

84 // -----------------------------------------------------------//

2



ANNEX A. HEAT CONDUCTION CODE

85 // -------------------------- MAIN ------------------------- //

86 int main (){

87

88 ofstream outg ("geometry.txt");

89 ofstream outf ("Temperatures.txt");

90

91 // -------------------------------------------------------//

92 // I - DATA INPUT:

93 // --------------------- GEOMETRY ---------------------- //

94 double P1 [1][2] = {0.5 , 0.3};

95 double P2 [1][2] = {0.5 , 0.7};

96 double P3 [1][2] = {1.1 , 0.8}; //m - Material coordinates

97

98 double L = P3 [0][0]; //m - Length

99 double H = P3 [0][1]; //m - Height

100 double W = 20.0; //m - Widht

101 double Delta_X;

102 double Delta_Y;

103

104 // ------------------ THERMOPYSICAL -------------------- //

105

106 double T_inici =10000;

107 double T_0 = 8.0 + 273; // Initial temperature map at t=0s

108 double max_dif = 1000.0;

109 double Delta_t = 0.0; //Time step

110 double t = 0.0; //Time variable

111

112 // Thermo -physical properties of the four materials

113 // RHO (kg/m3) C_P (J/KgK) LAMBDA (W/mK)

114 // dens_m1 =1500; cp_m1 =750; lambda_m1 =170;

115 // dens_m2 =1600; cp_m2 =770; lambda_m2 =140;

116 // dens_m3 =1900; cp_m3 =810; lambda_m3 =200;

117 // dens_m4 =2500; cp_m4 =930; lambda_m4 =140;

118

119 double propietats [4][3] = {{1500.0 , 750.0 , 170.0} , {1600.0 , 770.0 ,

140.0} , {1900.0 , 810.0 , 200.0} , {2500.0 , 930.0 , 140.0}};

120

121 // -------------------------------------------------------//

122 // II - PREVIOUS CALCULATIONS AND VECTOR DEFINITIONS:

123

124 // ---------------------- VECTORS ---------------------- //

125 // Geometry vectors

126 vector <double > X_VC(N+1), Y_VC(M+1);

127 vector <double > r_X(N+2), r_Y(M+2);

128 double d_PX = 0.0;

129 double d_XE = 0.0; double d_PE = 0.0;

130 double d_XW = 0.0; double d_PW = 0.0;

131 double d_XN = 0.0; double d_PN = 0.0;

132 double d_XS = 0.0; double d_PS = 0.0;

133 double S_W = 0.0; double S_E = 0.0;

134 double S_N = 0.0; double S_S = 0.0;

135 double V_P = 0.0;

136

137 // Temperature matrices

138 vector <vector <double > > T(M+2,vector <double >(N+2)); // T^n

139 vector <vector <double > > T_nmu(M+2,vector <double >(N+2)); // T^n+1

140 vector <vector <double > > T_est(M+2,vector <double >(N+2)); // T_est^n+1

141 // Discretization coefficients

142 vector <vector <double > > aP(M+2,vector <double >(N+2));

143 vector <vector <double > > bP(M+2,vector <double >(N+2));

144 vector <vector <double > > aE(M+2,vector <double >(N+2));

145 vector <vector <double > > aN(M+2,vector <double >(N+2));

146 vector <vector <double > > aW(M+2,vector <double >(N+2));
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ANNEX A. HEAT CONDUCTION CODE

147 vector <vector <double > > aS(M+2,vector <double >(N+2));

148 // Thermal conductivity

149 vector <vector <double > > lambda_East(M+2,vector <double >(N+2));

150 vector <vector <double > > lambda_North(M+2,vector <double >(N+2));

151 vector <vector <double > > lambda_West(M+2,vector <double >(N+2));

152 vector <vector <double > > lambda_South(M+2,vector <double >(N+2));

153 // Volumetric heat generation

154 vector <vector <double > > q_VP(M+2,vector <double >(N+2));

155 vector <vector <double > > Q_P(M+2,vector <double >(N+2)); //q_VP^n

156 vector <vector <double > > q_VPnmu(M+2,vector <double >(N+2)); //q_VP^n+1

157 // Thermophysical properties

158 vector <vector <double > > dens(M+2,vector <double >(N+2));

159 vector <vector <double > > lambda(M+2,vector <double >(N+2));

160 vector <vector <double > > cp(M+2,vector <double >(N+2));

161 vector <vector <double > > MAT(M+2,vector <double >(N+2));

162

163 // ----------------- PREVIOUS CALCULATIONS ------------------ //

164 // Null -value initialization

165 for (int f=0; f<M+2; f++){

166 for (int c=0; c<N+2; c++){

167 T[f][c] = 0.0;

168 T_est[f][c] = 0.0;

169 T_nmu[f][c] = 0.0;

170 aP[f][c] = 0.0;

171 bP[f][c] = 0.0;

172 aE[f][c] = 0.0;

173 aW[f][c] = 0.0;

174 aN[f][c] = 0.0;

175 aS[f][c] = 0.0;

176 lambda_West[f][c] = 0.0;

177 lambda_East[f][c] = 0.0;

178 lambda_North[f][c] = 0.0;

179 lambda_South[f][c] = 0.0;

180 q_VP[f][c] = 0.0;

181 Q_P[f][c] = 0.0;

182 q_VPnmu[f][c] = 0.0;

183 }

184 }

185

186 // Mesh generation

187 geometria( L, H, Delta_X , Delta_Y , r_X , r_Y , X_VC , Y_VC);

188 // Block_off method

189 blockoff(H, r_X , r_Y , MAT , dens , cp, lambda , propietats);

190 // Harmonic Mean

191 harm_mean(r_X , X_VC , r_Y , Y_VC , lambda , lambda_East , lambda_West ,

lambda_North , lambda_South);

192 Delta_t = 1;

193 // Constant coefficient evaluation

194 coeff_a(W, dens , cp , Delta_t , r_X , r_Y , Delta_X , Delta_Y , lambda_East ,

lambda_West , lambda_North , lambda_South , aE , aW , aN , aS , aP);

195

196 // -------------------------------------------------------//

197 // III - ARBITRARY INITIAL MAP at t=0:

198 for (int f=0; f<M+2; f++){

199 int c=0;

200 T[f][c] = T_inf;

201 }

202 for (int f=0; f<M+2; f++){

203 for (int c=1; c<N+2; c++){

204 T_est[f][c] = T_inici;

205 T[f][c] = T_0;

206 }

207 }
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208

209 // -------------------------------------------------------//

210 // IV - TEMPORAL COMPUTATION:

211 while (t <5000){

212 // q_VP^n update from the previous time instant

213 update(q_VP , q_VPnmu);

214 // New volumetric heat generation computation q_VP^n+1=f(x,y,T_est

^n+1)

215 for (int f=0; f<M+2; f++){

216 for (int c=0; c<N+2; c++){

217 q_VPnmu[f][c] = 0.0;

218 }

219 }

220 // bP evaluation

221 coeff_b(bP , t, W, dens , cp , Delta_t , r_X , r_Y , Delta_X , Delta_Y ,

lambda_East , lambda_West , lambda_North , lambda_South , T, q_VP ,

q_VPnmu);

222

223 while (max_dif >delta){

224 // -------------------------------------------------------//

225 // V - TEMPERATURE COMPUTATION:

226 temperature( T_nmu , T_est , aE, aW, aN, aS, aP, bP);

227

228 // -------------------------------------------------------//

229 // VI - CONVERGENCE EVALUATION:

230 convergence(T_est , T_nmu , max_dif);

231

232 // -------------------------------------------------------//

233 // VII - DATA UPDATE:

234 update(T_est , T_nmu);

235 }

236

237 max_dif = 10000.0;

238 t = t + Delta_t;

239

240 // DATA UPDATE FOR THE NEXT TIME INSTANT

241 update(T_est , T_nmu);

242 update(T, T_nmu);

243

244 cout <<t<<endl;

245

246 }

247

248 double T_final [M+2][N+2];

249

250 for (int f=0; f<M+2; f++){

251 for(int c=0; c<N+2; c++){

252 T_final[f][c]= T_nmu[M+1-f][c];

253 }

254 }

255

256 // -------------------------------------------------------//

257 // ------------------- OUTPUT FILES -------------------- //

258 for (int f=0; f<M+2; f++){

259 outg <<r_X[f]<<"\t";

260 }

261 outg <<endl;

262 for (int c=0; c<N+2; c++){

263 outg <<r_Y[c]<<"\t";

264 }

265 outg <<endl;

266

267 for (int c=0; c<N+2; c++){
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268 for (int f=0; f<M+2; f++){

269 outf <<T_final[c][f]<<"\t";

270 }

271 outf <<endl;

272 }

273 // -------------------------------------------------------//

274 // -------------------------------------------------------//

275

276 }

277

278

279 // ---------------------------------------------------------------------//

280 // -------------------------- MAIN FUNCTIONS ------------------------- //

281 void geometria(double L, double H, double& Delta_X , double& Delta_Y , vector <double

> &r_X , vector <double > &r_Y , vector <double > &X_VC , vector <double > &Y_VC)

282 {

283 // -----------------------------------------------------------//

284 // A - CV position

285 Delta_X = L/N; Delta_Y = H/M;

286

287 for (int c=0; c<N+1; c++){

288 X_VC[c] = Delta_X*c;

289 }

290 for (int f=0; f<M+1; f++){

291 Y_VC[f] = Delta_Y*f;

292 }

293 // -----------------------------------------------------------//

294 // B - Nodes position

295 r_X [0] = 0.0; r_Y [0] = 0.0;

296 for (int c=1; c<N+1; c++){

297 r_X[c] = ( X_VC[c-1]+ X_VC[c] )/2;

298 }

299 for (int f=1; f<M+1; f++){

300 r_Y[f] = ( Y_VC[f-1]+ Y_VC[f] )/2;

301 }

302 r_X[N+1] = L; r_Y[M+1] = H;

303 // -----------------------------------------------------------//

304 }

305

306 void blockoff(double H, vector <double > &r_X , vector <double > &r_Y , vector <vector <

double > > &MAT , vector <vector <double > > &dens , vector <vector <double > > &cp,

vector <vector <double > > &lambda , double propietats [4][3])

307 {

308 // -----------------------------------------------------------//

309 for (int f=0; f<M+2; f++){

310 for(int c=0; c<N+2; c++){

311 if(r_X[c]<0.5){ // MATERIALS 1 - 3

312 if(r_Y[f]>(H -0.3)){ // Material 3

313 MAT[f][c] = 1;

314 dens[f][c] = propietats [0][0];

315 cp[f][c] = propietats [0][1];

316 lambda[f][c] = propietats [0][2];

317 }

318 else{ // Material 1

319 MAT[f][c] = 3;

320 dens[f][c] = propietats [2][0];

321 cp[f][c] = propietats [2][1];

322 lambda[f][c] = propietats [2][2];

323 }

324 }

325 else{ // MATERIALS 2 - 4

326 if(r_Y[f]>(H -0.7)){ // Material 4

327 MAT[f][c] = 2;
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328 dens[f][c] = propietats [1][0];

329 cp[f][c] = propietats [1][1];

330 lambda[f][c] = propietats [1][2];

331 }

332 else{ // Material 2

333 MAT[f][c] = 4;

334 dens[f][c] = propietats [3][0];

335 cp[f][c] = propietats [3][1];

336 lambda[f][c] = propietats [3][2];

337 }

338 }

339 }

340 }

341 // -----------------------------------------------------------//

342

343 }

344

345 void harm_mean(vector <double > &r_X , vector <double > &X_VC , vector <double > &r_Y ,

vector <double > &Y_VC , vector <vector <double > > &lambda , vector <vector <double > >

&lambda_East , vector <vector <double > > &lambda_West , vector <vector <double > > &

lambda_North , vector <vector <double > > &lambda_South)

346 {

347 int f, c;

348 double d_PX = 0.0;

349 double d_XE = 0.0; double d_PE = 0.0;

350 double d_XW = 0.0; double d_PW = 0.0;

351 double d_XN = 0.0; double d_PN = 0.0;

352 double d_XS = 0.0; double d_PS = 0.0;

353 // ------------------------------------------------------------//

354 // HARMONIC MEAN COMPUTATION FOR EACH FACE OF THE CV //

355 // ------------- EAST -------------//

356 for (f=0; f<M+2; f++){

357 for (c=0; c<N+2; c++){

358 if ( c == 0 || c == (N+1) ){

359 lambda_East[f][c] = lambda[f][c];

360 }

361 else{

362 d_PX = X_VC[c] - r_X[c];

363 d_XE = r_X[c+1] - X_VC[c];

364 d_PE = d_PX + d_XE;

365 lambda_East[f][c] = d_PE / ( ( d_PX/lambda[f][c] )+( d_XE/

lambda[f][c+1] ) );

366 }

367 }

368 }

369 // ------------- SOUTH ------------//

370 for (c=0; c<N+2; c++){

371 for (f=0; f<M+2; f++){

372 if (f == 0 || f == M+1){

373 lambda_South[f][c] = lambda[f][c];

374 }

375 else{

376 d_PX = Y_VC[f] - r_Y[f];

377 d_XS = r_Y[f+1] - Y_VC[f];

378 d_PS = d_PX + d_XS;

379 lambda_South[f][c] = d_PS / ( ( d_PX/lambda[f][c]

)+( d_XS/lambda[f+1][c] ) );

380 }

381 }

382 }

383 // ------------- WEST -------------//

384 for (f=0; f<M+2; f++){

385 for (c=0; c<N+2; c++){
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386 if ( c == 0 || c == (N+1) ){

387 lambda_West[f][c] = lambda[f][c];

388 }

389 else{

390 d_PX = r_X[c] - X_VC[c-1];

391 d_XW = X_VC[c] - r_X[c-1];

392 d_PW = d_PX + d_XW;

393 lambda_West[f][c] = d_PW / ( ( d_PX/lambda[f][c]

)+( d_XW/lambda[f][c-1] ) );

394 }

395 }

396 }

397 // ------------- NORTH ------------//

398 for (c=0; c<N+2; c++){

399 for (f=0; f<M+2; f++){

400 if (f == 0 || f == M+1){

401 lambda_North[f][c] = lambda[f][c];

402 }

403 else{

404 d_PX = r_Y[f] - Y_VC[f-1];

405 d_XN = Y_VC[f] - r_Y[f-1];

406 d_PN = d_PX + d_XN;

407 lambda_North[f][c] = d_PN / ( ( d_PX/lambda[f][c]

)+( d_XN/lambda[f-1][c] ) );

408 }

409 }

410 }

411 }

412

413 void coeff_a(double W, vector <vector <double > > &dens , vector <vector <double > > &cp,

double Delta_t , vector <double > &r_X , vector <double > &r_Y , double Delta_X ,

double Delta_Y , vector <vector <double > > &lambda_East , vector <vector <double > > &

lambda_West , vector <vector <double > > &lambda_North , vector <vector <double > > &

lambda_South , vector <vector <double > > &aE, vector <vector <double > > &aW, vector <

vector <double > > &aN , vector <vector <double > > &aS , vector <vector <double > > &aP)

414 {

415 int f, c;

416 double d_PE = 0.0; double d_PW = 0.0;

417 double d_PN = 0.0; double d_PS = 0.0;

418 double S_E = 0.0; double S_W = 0.0;

419 double S_N = 0.0; double S_S = 0.0;

420 double V_P = 0.0;

421

422 // LEFT WALL: c=0 f=0 a M+1

423 for (f=0; f<M+2; f++){

424 d_PE = r_X[1]-r_X [0];

425 S_E = Delta_Y*W;

426 aW[f][0] = 0;

427 aE[f][0] = (lambda_East[f][0]* S_E*beta)/d_PE;

428 aS[f][0] = 0;

429 aN[f][0] = 0;

430 aP[f][0] = alfa_esq*S_E*beta + (lambda_East[f][0]* S_E*beta)/d_PE;

431 }

432 // RIGHT WALL: c=N+1 f=0 a M+1

433 for (f=0; f<M+2; f++){

434 aW[f][N+1] = 0;

435 aE[f][N+1] = 0;

436 aS[f][N+1] = 0;

437 aN[f][N+1] = 0;

438 aP[f][N+1] = 1;

439 }

440 // UPPER WALL: c=0 a N+1 f=0

441 for (c=0; c<N+2; c++){
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442 d_PN = r_Y[1]-r_Y [0];

443 S_N = Delta_X*W;

444 aW[0][c] = 0;

445 aE[0][c] = 0;

446 aS[0][c] = 0;

447 aN[0][c] = (lambda_North [0][c]*S_N*beta)/d_PN;

448 aP[0][c] = (lambda_North [0][c]*S_N*beta)/d_PN;

449 }

450 // LOWER WALL: c=0 a N+1 f=M+1

451 for (c=0; c<N+2; c++){

452 aW[M+1][c] = 0;

453 aE[M+1][c] = 0;

454 aS[M+1][c] = 0;

455 aN[M+1][c] = 0;

456 aP[M+1][c] = 1;

457 }

458 // INNER NODES: f=1 a M - c=1 a N

459 for (f=1; f<M+1; f++){

460 for (c=1; c<N+1; c++){

461 d_PW = r_X[c]-r_X[c-1];

462 d_PE = r_X[c+1]-r_X[c];

463 d_PS = r_Y[f+1]-r_Y[f];

464 d_PN = r_Y[f]-r_Y[f-1];

465

466 S_W = Delta_Y*W;

467 S_E = Delta_Y*W;

468 S_N = Delta_X*W;

469 S_S = Delta_Y*W;

470 V_P = (S_E*S_N)/W;

471

472 aW[f][c] = (lambda_West[f][c]*S_W*beta)/d_PW;

473 aE[f][c] = (lambda_East[f][c]*S_E*beta)/d_PE;

474 aS[f][c] = (lambda_South[f][c]*S_S*beta)/d_PS;

475 aN[f][c] = (lambda_North[f][c]*S_N*beta)/d_PN;

476 aP[f][c] = aW[f][c]+aE[f][c]+aS[f][c]+aN[f][c]+(( dens[f][c]*V_P*cp

[f][c])/Delta_t);

477 }

478 }

479 // -----------------------------------------------------------//

480 }

481

482 void coeff_b(vector <vector <double > > &bP, double t, double W, vector <vector <double

> > &dens , vector <vector <double > > &cp , double Delta_t , vector <double > &r_X ,

vector <double > &r_Y , double Delta_X , double Delta_Y , vector <vector <double > > &

lambda_East , vector <vector <double > > &lambda_West , vector <vector <double > > &

lambda_North , vector <vector <double > > &lambda_South , vector <vector <double > > &T

, vector <vector <double > > &q_VP , vector <vector <double > > &q_VPnmu)

483 {

484 int f, c;

485 double d_PE = 0.0; double d_PW = 0.0;

486 double d_PN = 0.0; double d_PS = 0.0;

487 double S_E = 0.0; double S_W = 0.0;

488 double S_N = 0.0; double S_S = 0.0;

489 double V_P = 0.0;

490 double Q_P[mmax][nmax];

491

492 // LEFT WALL: c=0 f=0 a M+1

493 for (f=0; f<M+2; f++){

494 d_PE = r_X[1]-r_X [0];

495 S_E = Delta_Y*W;

496 Q_P[f][0] = alfa_esq *( T_esq - T[f][0])*S_E + (lambda_East[f][0]*

S_E*(T[f][1] - T[f][0]))/d_PE;

497
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498 bP[f][0] = alfa_esq*S_E*beta*T_esq + (1-beta)*Q_P[f][0];

499 }

500 // RIGHT WALL: c=N+1 f=0 a M+1

501 for (f=0; f<M+2; f++){

502 bP[f][N+1] = (8 + 0.005*t)+273;

503 }

504 // UPPER WALL: c=0 a N+1 f=0

505 for (c=0; c<N+2; c++){

506 d_PN = r_Y[1]-r_Y [0];

507 S_N = Delta_X*W;

508 Q_P [0][c] = -q_w*S_N - (lambda_North [0][c]*S_N*(T[1][c] - T[0][c])

)/d_PN;

509

510 bP[0][c] = -q_w*S_N*beta + (1-beta)*Q_P [0][c];

511 }

512 // LOWER WALL: c=0 a N+1 f=M+1

513 for (c=0; c<N+2; c++){

514 bP[M+1][c] = T_inf;

515 }

516 // INNER NODES: f=1 a M - c=1 a N

517 for (f=1; f<M+1; f++){

518 for (c=1; c<N+1; c++){

519 d_PW = r_X[c]-r_X[c-1];

520 d_PE = r_X[c+1]-r_X[c];

521 d_PS = r_Y[f+1]-r_Y[f];

522 d_PN = r_Y[f]-r_Y[f-1];

523

524 S_W = Delta_Y*W; S_E = Delta_Y*W;

525 S_N = Delta_X*W; S_S = Delta_Y*W;

526 V_P = (S_E*S_N)/W;

527 Q_P[f][c] = - (lambda_North[f][c]*S_N*(T[f][c] - T[f-1][c]))/d_PN

- (lambda_West[f][c]*S_W*(T[f][c] - T[f][c-1]))/d_PW + q_VP[f][

c]*V_P + (lambda_South[f][c]*S_S*(T[f+1][c] - T[f][c]))/d_PS +

(lambda_East[f][c]*S_E*(T[f][c+1] - T[f][c]))/d_PE ;

528

529 bP[f][c] = q_VPnmu[f][c]*V_P*beta + ((dens[f][c]*V_P*cp[f][c])/

Delta_t)*T[f][c] + (1-beta)*Q_P[f][c];

530 }

531 }

532 }

533

534 void temperature(vector <vector <double > > &T_nmu , vector <vector <double > > &T_est ,

vector <vector <double > > &aE , vector <vector <double > > &aW , vector <vector <double >

> &aN, vector <vector <double > > &aS, vector <vector <double > > &aP, vector <vector

<double > > &bP)

535 {

536 int c, f;

537

538 for (c=1; c<N+1; c++){

539 f=0;

540 T_nmu[f][c] = ( (aE[f][c]* T_est[f][c+1]) + (aW[f][c]* T_est[f][c

-1]) + (aN[f][c]*T_est[f+1][c]) + (bP[f][c]) ) / (aP[f][c]);

541 }

542 for (c=1; c<N+1; c++){

543 f=M+1;

544 T_nmu[f][c] = ( (aE[f][c]* T_est[f][c+1]) + (aW[f][c]* T_est[f][c

-1]) + (aS[f][c]*T_est[f-1][c]) + (bP[f][c]) ) / (aP[f][c]);

545 }

546 for (f=1; f<M+1; f++){

547 c=0;

548 T_nmu[f][c] = ( (aE[f][c]* T_est[f][c+1]) + (aN[f][c]* T_est[f+1][c

]) + (aS[f][c]*T_est[f-1][c]) + (bP[f][c]) ) / (aP[f][c]);

549 }
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550 for (f=1; f<M+1; f++){

551 c=N+1;

552 T_nmu[f][c] = ( (aW[f][c]* T_est[f][c-1]) + (aN[f][c]* T_est[f+1][c

]) + (aS[f][c]*T_est[f-1][c]) + (bP[f][c]) ) / (aP[f][c]);

553 }

554 for (f=1; f<M+1; f++){

555 for (c=1; c<M+1; c++){

556 T_nmu[f][c] = ( (aE[f][c]* T_est[f][c+1]) + (aW[f][c]* T_est

[f][c-1]) + (aN[f][c]* T_est[f+1][c]) + (aS[f][c]* T_est[

f-1][c]) + (bP[f][c]) ) / (aP[f][c]);

557 }

558 }

559 // Arbitary temperature value assignation for the corner nodes

560 // UPPER LEFT LOWER LEFT UPPER RIGHT LOWER RIGHT

561 T_nmu [0][0] = T_nmu [1][0];

562 T_nmu[M+1][0] = T_nmu[M][0];

563 T_nmu [0][N+1] = T_nmu [1][N+1];

564 T_nmu[M+1][N+1] = T_nmu[M][N+1];

565 }

566

567 void convergence(vector <vector <double > > &T_est , vector <vector <double > > &T_nmu ,

double& max_dif)

568 {

569 int f, c;

570 double dif , maxim = 0.0;

571 // Maximum difference between estimated and next computed temperature

572 for (f=0; f<M+2; f++){

573 for (c=0; c<N+2; c++){

574 dif = T_est[f][c]-T_nmu[f][c];

575 if (dif >=0){

576 if (dif >= maxim){

577 maxim = dif;

578 }

579 else{

580 maxim = maxim;

581 }

582 }

583 else{

584 dif = dif * -1;

585 if (dif >= maxim){

586 maxim = dif;

587 }

588 else{

589 maxim = maxim;

590 }

591 }

592 }

593 }

594 max_dif = maxim;

595 }

596

597 void update(vector <vector <double > > &new_val , vector <vector <double > > &

previous_val)

598 {

599 int f, c;

600 for (f=0; f<M+2; f++){

601 for (c=0; c<N+2; c++){

602 new_val[f][c] = previous_val[f][c];

603 }

604 }

605 }
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Study for the computational resolution of conservation
equations of mass, momentum and energy.
Numerical analysis and turbulence models

Annex B

Convection-Diffusion code - CDS,

UDS, and EDS

1 // -----------------------------------------------------------//

2 // //

3 // Study for the computational resolution of //

4 // conservation equations of mass , momentum and energy //

5 // Numerical analysis and turbulence models //

6 // //

7 // -----------------------------------------------------------//

8 // Author: Gerard Toset Alonso //

9 // Date: June , 2023 //

10 // Code: Chapter 4 - Convection -Diffusion CDS , UDS , EDS //

11 // -----------------------------------------------------------//

12 // GENERAL DESCRIPTION //

13 // - SOLVER : Gauss -Seidel //

14 // - 2D spatial discretization - Cell -centered nodes //

15 // - NOTE: This code is used to solve the general convection //

16 // diffusion equation. By changing CASE and SCHEME //

17 // this code can provide solutions for the four //

18 // benchmark problems with CDS , UDS and EDS. //

19 // -----------------------------------------------------------//

20

21 #include <iostream >

22 #include <fstream >

23 #include <vector >

24 #include <cmath >

25 #include <math.h>

26 #include <iomanip >

27

28 using namespace std;

29

30 // -----------------------------------------------------------//

31 // ------------------ Constant definition ------------------ //

32 const int N = 100; // Number of CVs in X direction

33 const int M = 100; // Number of CVs in Y direction

34 const int nmax = N+2;

35 const int mmax = M+2;

36 const int L = 1;

37 const int H = 1;

38 const int W = 1;

39
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40 const double pi = M_PI;

41 const double delta_t = 0.001; // Time step

42

43 // -----------------------------------------------------------//

44 // ----------------- Functions definition ------------------ //

45 void mesh_generation(double &delta_X , double &delta_Y , int CASE , vector <double > &

x_VC , vector <double > &y_VC , vector <double > &x_N , vector <double > &y_N , vector <

vector <double > > &V_VC);

46 void velocity_field(int CASE , double v_0 , vector <vector <double > > &vel_X , vector <

vector <double > > &vel_Y , vector <double > &x_N , vector <double > &y_N);

47 void update_value(vector <vector <double > > &matriu , double value);

48 void update_matrix(vector <vector <double > > &new_matrix , vector <vector <double > > &

previous_matrix);

49 void coeff_a(int scheme , int CASE , double rho , double delta_X , double delta_Y ,

double Gamma , vector <vector <double > > &vel_X , vector <vector <double > > &vel_Y ,

vector <vector <double > > &V_VC , vector <vector <double > > &aE , vector <vector <

double > > &aW , vector <vector <double > > &aN , vector <vector <double > > &aS, vector

<vector <double > > &aP);

50 void coeff_b(double rho , vector <vector <double > > &V_VC , vector <vector <double > > &

Fi_0 , vector <vector <double > > &bP);

51 void resolution(int CASE , vector <double > &x_N , vector <vector <double > > &Fi, vector

<vector <double > > &Fi_est , vector <vector <double > > &aP , vector <vector <double > >

&aE , vector <vector <double > > &aW , vector <vector <double > > &aN , vector <vector <

double > > &aS , vector <vector <double > > &bP);

52 void convergence(vector <vector <double > > &Fi, vector <vector <double > > &Fi_est ,

double &maxim);

53

54 ofstream outg ("geom_S_E_Peinf.txt");

55 ofstream outf ("fi_S_E_Peinf.txt");

56

57 // -----------------------------------------------------------//

58 // -------------------------- MAIN ------------------------- //

59 int main(){

60

61 // -------------------------------------------------------//

62 // I - DATA INPUT:

63 // -------------------- NUMERICAL ---------------------- //

64 double t = 0.0;

65 double t_final = 10;

66 double maxim;

67 double delta = 10e-6; // Convergence parameter

68 double v_0 = 1.0;

69 double Gamma = 1.0; // Diffusion parameter

70 double rho = 1000000.0;

71 double Fi_initial = 1.0;

72 double delta_X = L/double(N);

73 double delta_Y = H/double(M);

74 int i, j; // Geometry parameters

75

76 int CASE;

77 // CASE 1 = PARALLEL FLOW

78 // CASE 2 = PERPENDICULAR FLOW

79 // CASE 3 = DIAGONAL FLOW

80 // CASE 4 = SMITH -HUTTON

81 int scheme;

82 // scheme 1 = CDS

83 // scheme 2 = EDS

84 // scheme 3 = UDS

85 // -------------------------------------------------------//

86 // II - PREVIOUS CALCULATIONS AND VECTOR DEFINITIONS:

87 // ---------------------- VECTORS ---------------------- //

88 // Geometry vectors

89 vector <double > x_VC(N+1), y_VC(M+1);
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90 vector <double > x_N(nmax), y_N(mmax);

91 vector <vector <double > > V_VC(nmax , vector <double > (mmax));

92 // Velocity vectors

93 vector <vector <double > > vel_X(nmax , vector <double > (mmax)), vel_Y(nmax ,

vector <double > (mmax));

94 // Discretization coefficients

95 vector <vector <double > > aP(nmax , vector <double > (mmax)), aE(nmax , vector <

double > (mmax)), aW(nmax , vector <double > (mmax)), aN(nmax , vector <

double > (mmax)), aS(nmax , vector <double > (mmax)), bP(nmax , vector <

double > (mmax));

96 // Generic variable vectors

97 vector <vector <double > > Fi_0(nmax , vector <double > (mmax)); // Generic

variable t^n

98 vector <vector <double > > Fi(nmax , vector <double > (mmax)); // Generic

variable t^n+1

99 vector <vector <double > > Fi_est(nmax , vector <double > (mmax)); // Generic

variable ESTIMATED

100 // ----------------- PREVIOUS CALCULATIONS ------------------ //

101 // Null -value initialization

102 double null_val = 0.0;

103 update_value(aP, null_val);

104 update_value(aE, null_val);

105 update_value(aW, null_val);

106 update_value(aN, null_val);

107 update_value(aS, null_val);

108 update_value(bP, null_val);

109

110 // CASE and SCHEME choice

111 cout <<"CASE:␣";

112 cin >>CASE;

113 cout <<"SCHEME:␣";

114 cin >>scheme;

115

116 // Mesh generation as a function of the CASE

117 mesh_generation(delta_X , delta_Y , CASE , x_VC , y_VC , x_N , y_N , V_VC);

118 // Velocity field as a function of the CASE

119 velocity_field(CASE , v_0 , vel_X , vel_Y , x_N , y_N);

120 // Generic variable initial map

121 update_value(Fi, Fi_initial);

122 // Constant coefficient evaluation as a function of the CASE and SCHEME

123 coeff_a(scheme , CASE , rho , delta_X , delta_Y , Gamma , vel_X , vel_Y , V_VC , aE

, aW , aN , aS , aP);

124

125 // -------------------------------------------------------//

126 // III - TEMPORAL COMPUTATION:

127 while(t<t_final){

128

129 // Generic variable update from the previous time instant

130 update_matrix(Fi_0 , Fi);

131 maxim = 1e4;

132

133 // Gauss -Seidel solver with convercence parameter

134 while(maxim >delta){

135 // Estimated generic variable update

136 update_matrix(Fi_est , Fi);

137 // bP evaluation

138 coeff_b(rho , V_VC , Fi_0 , bP);

139 // Generic variable solver as a function of the CASE

140 resolution(CASE , x_N , Fi, Fi_est , aP , aE , aW , aN , aS , bP);

141 // Convergence evaluation

142 convergence(Fi, Fi_est , maxim);

143 }

144 cout <<t<<endl;
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145 t = t + delta_t;

146 }

147 // -------------------------------------------------------//

148 // ------------------- OUTPUT FILES -------------------- //

149 for(i=0; i<N+2; i++){

150 for(j=0; j<M+2; j++){

151 cout <<Fi[i][j]<<"␣␣␣";

152 }

153 cout <<endl;

154 }

155

156 for (i=0; i<N+2; i++){

157 outg <<x_N[i]<<"\t";

158 }

159 outg <<endl;

160 for (j=0; j<M+2; j++){

161 outg <<y_N[j]<<"\t";

162 }

163 outg <<endl;

164

165 for (i=0; i<N+2; i++){

166 for (j=0; j<M+2; j++){

167 outf <<Fi[j][i]<<"\t";

168 }

169 outf <<endl;

170 }

171 // -------------------------------------------------------//

172 // -------------------------------------------------------//

173 }

174

175 // ---------------------------------------------------------------------//

176 // -------------------------- MAIN FUNCTIONS ------------------------- //

177 void mesh_generation(double &delta_X , double &delta_Y , int CASE , vector <double > &

x_VC , vector <double > &y_VC , vector <double > &x_N , vector <double > &y_N , vector <

vector <double > > &V_VC)

178 {

179 int i, j;

180 // For CASE 1 - 2 - 3, geometry is the same since the three problems are a

square cavity

181 // For CASE 4, geometry changes since the problem becomes a rectangular

cavity

182

183 switch (CASE){

184 case 1:

185 case 2:

186 case 3:

187 // -----------------------------------------------------------//

188 // A - CV position

189 for(i=0; i<N+1; i++){

190 x_VC[i] = i*delta_X;

191 }

192 for(j=0; j<M+1; j++){

193 y_VC[j] = j*delta_Y;

194 }

195 // -----------------------------------------------------------//

196 // -----------------------------------------------------------//

197 // B - Nodes position

198 x_N [0] = 0.0; x_N[N+1]=L;

199 y_N [0] = 0.0; y_N[M+1]=H;

200 for(i=1; i<N+1; i++){

201 x_N[i] = 0.5*( x_VC[i]+x_VC[i-1]);

202 }

203 for(j=1; j<M+1; j++){
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204 y_N[j] = 0.5*( y_VC[j]+y_VC[j-1]);

205 }

206 // -----------------------------------------------------------//

207 break;

208

209 case 4:

210 delta_X = 2*L/double(N);

211 // -----------------------------------------------------------//

212 // A - CV position

213 for(i=0; i<N+1; i++){

214 x_VC[i] = (i*delta_X)-L;

215 }

216 for(j=0; j<M+1; j++){

217 y_VC[j] = j*delta_Y;

218 }

219 // -----------------------------------------------------------//

220 // -----------------------------------------------------------//

221 // B - Nodes position

222 x_N [0] = -L; x_N[N+1]=L;

223 y_N [0] = 0.0; y_N[M+1]=H;

224 for(i=1; i<N+1; i++){

225 x_N[i] = 0.5*( x_VC[i]+x_VC[i-1]);

226 }

227 for(j=1; j<M+1; j++){

228 y_N[j] = 0.5*( y_VC[j]+y_VC[j-1]);

229 }

230 // -----------------------------------------------------------//

231 break;

232 }

233

234 for(i=0; i<N+2; i++){

235 for (j=0; j<M+2; j++){

236 V_VC[i][j] = 0.0;

237 }

238 }

239 // -----------------------------------------------------------//

240 // C - CV volume

241 for(i=1; i<N+1; i++){

242 for(j=1; j<M+1; j++){

243 V_VC[i][j] = delta_X*delta_Y*W;

244 }

245 }

246 // -----------------------------------------------------------//

247 }

248

249 void velocity_field(int CASE , double v_0 , vector <vector <double > > &vel_X , vector <

vector <double > > &vel_Y , vector <double > &x_N , vector <double > &y_N)

250 {

251

252 int i, j;

253 double alpha = 0.0;

254

255 switch (CASE){

256 case 1:

257 alpha = 0.0*pi /180.0;

258 for (i=0; i<N+2; i++){

259 for (j=0; j<M+2; j++){

260 vel_X[i][j] = v_0*cos(alpha);

261 vel_Y[i][j] = v_0*sin(alpha);

262 }

263 }

264 break;

265 case 2:
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266 alpha = 90.0*pi /180.0;

267 for (i=0; i<N+2; i++){

268 for (j=0; j<M+2; j++){

269 vel_X[i][j] = v_0*cos(alpha);

270 vel_Y[i][j] = v_0*sin(alpha);

271 }

272 }

273 break;

274 case 3:

275 alpha = 45.0*pi /180.0;

276 for (i=0; i<N+2; i++){

277 for (j=0; j<M+2; j++){

278 vel_X[i][j] = v_0*cos(alpha);

279 vel_Y[i][j] = v_0*sin(alpha);

280 }

281 }

282 break;

283 case 4:

284 double x;

285 for (i=0; i<N+2; i++){

286 for (j=0; j<M+2; j++){

287 vel_X[i][j] = 2*y_N[j]*(1-pow(x_N[i],2));

288 vel_Y[i][j] = -2*x_N[i]*(1-pow(y_N[j],2));

289 }

290 }

291 break;

292 }

293

294 }

295

296 void update_value(vector <vector <double > > &matriu , double value)

297 {

298 int i, j;

299

300 for(i=0; i<N+2; i++){

301 for(j=0; j<M+2; j++){

302 matriu[i][j] = value;

303 }

304 }

305

306 }

307

308 void update_matrix(vector <vector <double > > &new_matrix , vector <vector <double > > &

previous_matrix)

309 {

310 int i, j;

311

312 for(i=0; i<N+2; i++){

313 for(j=0; j<M+2; j++){

314 new_matrix[i][j] = previous_matrix[i][j];

315 }

316 }

317 }

318

319 void coeff_a(int scheme , int CASE , double rho , double delta_X , double delta_Y ,

double Gamma , vector <vector <double > > &vel_X , vector <vector <double > > &vel_Y ,

vector <vector <double > > &V_VC , vector <vector <double > > &aE , vector <vector <

double > > &aW , vector <vector <double > > &aN , vector <vector <double > > &aS, vector

<vector <double > > &aP)

320 {

321 int i, j;

322 double Se, Sw, Sn, Ss;

323 // mass fluxes
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324 vector <vector <double > > me(nmax , vector <double > (mmax)), mw(nmax , vector <

double > (mmax)), mn(nmax , vector <double > (mmax)), ms(nmax , vector <

double > (mmax));

325 // velocities

326 vector <vector <double > > vE(nmax , vector <double > (mmax)), vW(nmax , vector <

double > (mmax)), vN(nmax , vector <double > (mmax)), vS(nmax , vector <

double > (mmax));

327 // diffusive terms

328 vector <vector <double > > De(nmax , vector <double > (mmax)), Dw(nmax , vector <

double > (mmax)), Dn(nmax , vector <double > (mmax)), Ds(nmax , vector <

double > (mmax));

329 // f coefficients

330 vector <vector <double > > fe(nmax , vector <double > (mmax)), fw(nmax , vector <

double > (mmax)), fn(nmax , vector <double > (mmax)), fs(nmax , vector <

double > (mmax));

331 // f coefficients for EDS

332 vector <vector <double > > fe_EDS(nmax , vector <double > (mmax)), fw_EDS(nmax ,

vector <double > (mmax)), fn_EDS(nmax , vector <double > (mmax)), fs_EDS(

nmax , vector <double > (mmax));

333 // Peclet numbers

334 vector <vector <double > > PEe(nmax , vector <double > (mmax)), PEw(nmax , vector

<double > (mmax)), PEn(nmax , vector <double > (mmax)), PEs(nmax , vector <

double > (mmax));

335

336 // MASS FLUXES as a function of the CASE

337 switch (CASE){

338 case 1:

339 case 2:

340 case 3:

341 for(i=0; i<N+2; i++){

342 for(j=0; j<M+2; j++){

343 vE[i][j] = vel_X[i][j]; vW[i][j] = vel_X[

i][j];

344 vN[i][j] = vel_Y[i][j]; vS[i][j] = vel_Y[

i][j];

345 }

346 }

347 break;

348

349 case 4:

350 // Velocity harmonic mean is applied for the CASE 4

351 for(j=0; j<M+1; j++){

352 vE[0][j] = vel_X [0][j]; vW[0][j] = vel_X [0][j];

353 vE[N+1][j] = vel_X[N+1][j]; vW[N+1][j] = vel_X[N

+1][j];

354 for (i=1; i<N; i++){

355 vE[i][j]= delta_X /(((0.5* delta_X)/vel_X[i

][j]) +((0.5* delta_X)/vel_X[i+1][j]));

356 vW[i][j]= delta_X /(((0.5* delta_X)/vel_X[i

-1][j]) +((0.5* delta_X)/vel_X[i][j]));

357 }

358 }

359 for (i=0; i<=N+1; i++){

360 vN[i][0] = vel_Y[i][0]; vS[i][0] = vel_Y[i][0];

361 vN[i][M+1] = vel_Y[i][N+1]; vS[i][N+1] = vel_Y[i

][N+1];

362 for(j=1; j<M; j++){

363 vN[i][j]= delta_Y /(((0.5* delta_Y)/vel_Y[i][j])

+((0.5* delta_Y)/vel_Y[i][j+1]));

364 vS[i][j]= delta_Y /(((0.5* delta_Y)/vel_Y[i][j

-1]) +((0.5* delta_Y)/vel_Y[i][j]));

365 }
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366 }

367 break;

368 }

369 Se = delta_Y*W;

370 Sw = delta_Y*W;

371 Sn = delta_X*W;

372 Ss = delta_X*W;

373

374 for(i=0; i<N+2; i++){

375 for(j=0; j<M+2; j++){

376 me[i][j] = rho*Se*vE[i][j]; mw[i][j] = -rho*Sw*vW[i][j];

377 mn[i][j] = rho*Se*vN[i][j]; ms[i][j] = -rho*Sw*vS[i][j];

378 }

379 }

380

381

382 // DIFFUSIVE TERMS

383 for(i=1; i<N+1; i++){

384 for(j=1; j<M+1; j++){

385 De[i][j] = Gamma*Se/delta_X; Dw[i][j] = Gamma*Sw/delta_X;

386 Dn[i][j] = Gamma*Sn/delta_Y; Ds[i][j] = Gamma*Ss/delta_Y;

387 if(i==N){

388 De[i][j] = Gamma*Se /(0.5* delta_X);

389 }

390 if(i==1){

391 Dw[i][j] = Gamma*Se /(0.5* delta_X);

392 }

393 if(j==M){

394 Dn[i][j] = Gamma*Sn /(0.5* delta_Y);

395 }

396 if(j==1){

397 Ds[i][j] = Gamma*Ss /(0.5* delta_Y);

398 }

399 }

400 }

401

402 // DISCRETIZATION COEFFICIENTS as a function of the SCHEME

403 switch (scheme){

404 case 1:

405 //CDS

406 for(i=1; i<N+1; i++){

407 for(j=1; j<M+1; j++){

408 fe[i][j] = 0.5* delta_X/delta_X; fw[i][j]

= 0.5* delta_X/delta_X;

409 fn[i][j] = 0.5* delta_Y/delta_Y; fs[i][j]

= 0.5* delta_Y/delta_Y;

410 if(i==N){

411 fe[i][j] = 1.0;

412 }

413 if(i==1){

414 fw[i][j] = 1.0;

415 }

416 if(j==M){

417 fn[i][j] = 1.0;

418 }

419 if(j==1){

420 fs[i][j] = 1.0;

421 }

422 }

423 }

424

425 for(i=1; i<N+1; i++){

426 for(j=1; j<M+2; j++){
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427 aE[i][j] = De[i][j] - me[i][j]*fe[i][j];

aW[i][j] = Dw[i][j] - mw[i][j]*

fw[i][j];

428 aN[i][j] = Dn[i][j] - mn[i][j]*fn[i][j];

aS[i][j] = Ds[i][j] - ms[i][j]*

fs[i][j];

429 }

430 }

431

432 break;

433 case 2:

434 //EDS

435 for(i=1; i<N+1; i++){

436 for(j=1; j<M+1; j++){

437 fe[i][j] = 0.5* delta_X/delta_X; fw[i][j]

= 0.5* delta_X/delta_X;

438 fn[i][j] = 0.5* delta_Y/delta_Y; fs[i][j]

= 0.5* delta_Y/delta_Y;

439 if(i==N){

440 fe[i][j] = 1.0;

441 }

442 if(i==1){

443 fw[i][j] = 1.0;

444 }

445 if(j==M){

446 fn[i][j] = 1.0;

447 }

448 if(j==1){

449 fs[i][j] = 1.0;

450 }

451 }

452 }

453 for(i=1; i<N+1; i++){

454 for(j=1; j<M+1; j++){

455 PEe[i][j] = rho*vE[i][j]* delta_X/Gamma;

456 PEw[i][j] = rho*vW[i][j]* delta_X/Gamma;

457 PEn[i][j] = rho*vN[i][j]* delta_Y/Gamma;

458 PEs[i][j] = rho*vS[i][j]* delta_Y/Gamma;

459 if(i==N){

460 PEe[i][j] = rho*vE[i][j]*0.5*

delta_X/Gamma;

461 }

462 if(i==1){

463 PEw[i][j] = rho*vW[i][j]*0.5*

delta_X/Gamma;

464 }

465 if(j==M){

466 PEn[i][j] = rho*vN[i][j]*0.5*

delta_Y/Gamma;

467 }

468 if(j==1){

469 PEs[i][j] = rho*vS[i][j]*0.5*

delta_Y/Gamma;

470 }

471

472 fe_EDS[i][j] = ( exp(PEe[i][j]*fe[i][j]) -1

)/( exp(PEe[i][j]) -1 );

fw_EDS[i][j] = ( exp(

PEw[i][j]*fw[i][j]) -1 )/( exp(PEw[i][j

]) -1 );

473 fn_EDS[i][j] = ( exp(PEn[i][j]*fn[i][j]) -1

)/( exp(PEn[i][j]) -1 );

fs_EDS[i][j] = ( exp(
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PEs[i][j]*fs[i][j]) -1 )/( exp(PEs[i][j

]) -1 );

474 }

475 }

476

477 for(i=1; i<N+1; i++){

478 for(j=1; j<M+2; j++){

479 aE[i][j] = De[i][j] - me[i][j]*fe[i][j];

aW[i][j] = Dw[i][j] - mw[i][j]*

fw[i][j];

480 aN[i][j] = Dn[i][j] - mn[i][j]*fn[i][j];

aS[i][j] = Ds[i][j] - ms[i][j]*

fs[i][j];

481 }

482 }

483

484 break;

485 case 3:

486 //UDS

487 for(i=1; i<N+1; i++){

488 for(j=1; j<M+1; j++){

489 aE[i][j] = De[i][j] - 0.5*( me[i][j] - abs(

me[i][j]));

490 aW[i][j] = Dw[i][j] - 0.5*( mw[i][j] - abs(

mw[i][j]));

491 aN[i][j] = Dn[i][j] - 0.5*( mn[i][j] - abs(

mn[i][j]));

492 aS[i][j] = Ds[i][j] - 0.5*( ms[i][j] - abs(

ms[i][j]));

493 }

494 }

495 break;

496 }

497

498 // aP coefficient evaluation

499 for(i=1; i<N+1; i++){

500 for(j=1; j<M+1; j++){

501 aP[i][j] = aE[i][j] + aW[i][j] + aN[i][j] + aS[i][j] + rho

*V_VC[i][j]/ delta_t;

502 }

503 }

504

505 }

506

507 void coeff_b(double rho , vector <vector <double > > &V_VC , vector <vector <double > > &

Fi_0 , vector <vector <double > > &bP)

508 {

509 int i, j;

510

511 for(i=1; i<N+1; i++){

512 for(j=1; j<M+1; j++){

513 bP[i][j] = rho*V_VC[i][j]*Fi_0[i][j]/ delta_t;

514 }

515 }

516 }

517

518 void resolution(int CASE , vector <double > &x_N , vector <vector <double > > &Fi, vector

<vector <double > > &Fi_est , vector <vector <double > > &aP , vector <vector <double > >

&aE , vector <vector <double > > &aW , vector <vector <double > > &aN , vector <vector <

double > > &aS , vector <vector <double > > &bP)

519 {

520 int i, j;

521 double Fi_in = 1.0, Fi_out = 0.0;
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522

523 // INNNER NODES

524 for(i=1; i<N+1; i++){

525 for(j=1; j<M+1; j++){

526 Fi[i][j] = ( aE[i][j]* Fi_est[i+1][j] + aW[i][j]*

Fi_est[i-1][j] + aN[i][j]* Fi_est[i][j+1] + aS[i

][j]* Fi_est[i][j-1] + bP[i][j] ) / aP[i][j];

527 }

528 }

529

530 // BOUNDARY CONDITIONS as a function of the CASE: FI for wall nodes are

already known

531 switch (CASE){

532 case 1:

533 case 2:

534 for(i=1; i<N+1; i++){

535 j=0;

536 Fi[i][j] = Fi[i][j+1];

537 j=M+1;

538 Fi[i][j] = Fi[i][j-1];

539 }

540 for(j=1; j<M+1; j++){

541 i=0;

542 Fi[i][j] = Fi_in;

543 i=N+1;

544 Fi[i][j] = Fi_out;

545 }

546 break;

547

548 case 3:

549 for(i=1; i<N+1; i++){

550 j=0;

551 Fi[i][j] = Fi_in;

552 j=M+1;

553 Fi[i][j] = Fi_out;

554 }

555 for(j=1; j<M+1; j++){

556 i=0;

557 Fi[i][j] = Fi_out;

558 i=N+1;

559 Fi[i][j] = Fi_in;

560 }

561 break;

562

563 case 4:

564 int half = (N+2)/2;

565 for(i=1; i<=half; i++){

566 j=0;

567 Fi[i][j] = 1+tanh (10*(2* x_N[i] + 1));

568 j=M+1;

569 Fi[i][j] = 1-tanh (10);

570 }

571 for(i=half +1; i<N+1; i++){

572 j=0;

573 Fi[i][j] = Fi[i][j+1];

574 j=M+1;

575 Fi[i][j] = 1-tanh (10);

576 }

577 for(j=1; j<M+1; j++){

578 i=0;

579 Fi[i][j] = 1-tanh (10);

580 i=N+1;

581 Fi[i][j] = 1-tanh (10);
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582 }

583 break;

584

585 }

586

587 // Arbitary temperature value assignation for the corner nodes

588 Fi [0][0] = Fi [1][0]; Fi[0][M+1] = Fi[1][M+1];

589 Fi[N+1][0] = Fi[N][0]; Fi[N+1][M+1] = Fi[N][M+1];

590

591 }

592

593 void convergence(vector <vector <double > > &Fi, vector <vector <double > > &Fi_est ,

double &maxim)

594 {

595 int i, j;

596 double diff , max_aux = 0.0;

597

598 // Maximum difference between estimated and next computed temperature

599 for(i=1; i<N+1; i++){

600 for(j=1; j<M+1; j++){

601 diff = abs(Fi[i][j] - Fi_est[i][j]);

602

603 if(diff >= max_aux){

604 max_aux = diff;

605 }

606

607 }

608 }

609

610 maxim = max_aux;

611

612 }
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Study for the computational resolution of conservation
equations of mass, momentum and energy.
Numerical analysis and turbulence models

Annex C

Convection-Diffusion code - HRS

1 // ------------------------------------------------------------//

2 // //

3 // Study for the computational resolution of //

4 // conservation equations of mass , momentum and energy //

5 // Numerical analysis and turbulence models //

6 // //

7 // ------------------------------------------------------------//

8 // Author: Gerard Toset Alonso //

9 // Date: June , 2023 //

10 // Code: Chapter 4 - Convection -Diffusion equation - HRS //

11 // ------------------------------------------------------------//

12 // GENERAL DESCRIPTION //

13 // - SOLVER : Gauss -Seidel //

14 // - 2D spatial discretization - Cell -centered nodes //

15 // - HIGH RESOLUTION SCHEMES : This code applies a correction //

16 // factor for bP coefficient such as: //

17 // bP = (rhoP*Fi_0*vP)/deltaT +- |mf(Fi_fHRS* - Fi_fUDS *)| //

18 // for f=e,w,n,s //

19 // - HRS matrices : HRS[N+2][M+2][8]. To avoid a huge amount //

20 // of matrices , the third dimension stands for: //

21 // HRSe , HRSw , HRSn , HRSs , UDSe , UDSw , UDSn , UDSs //

22 // - NOTE : THIS CODE IS ONLY USED FOR SOLVING SUDS and QUICK //

23 // ------------------------------------------------------------//

24

25 #include <iostream >

26 #include <fstream >

27 #include <vector >

28 #include <cmath >

29 #include <math.h>

30 #include <iomanip >

31

32 using namespace std;

33

34 // -----------------------------------------------------------//

35 // ------------------ Constant definition ------------------ //

36 const int N = 100; // Number of CVs in X direction

37 const int M = 100; // Number of CVs in Y direction

38 const int nmax = N+2;

39 const int mmax = M+2;

40 const int L = 1;

41 const int H = 1;

42 const int W = 1;

43
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44 const double pi = M_PI;

45 const double delta_t = 0.01; // Time step

46

47 // -----------------------------------------------------------//

48 // ----------------- Functions definition ------------------ //

49 void mesh_generation(double &delta_X , double &delta_Y , int CASE , vector <double > &

x_VC , vector <double > &y_VC , vector <double > &x_N , vector <double > &y_N);

50 void velocity_field(int CASE , double v_0 , vector <vector <double > > &vel_X , vector <

vector <double > > &vel_Y , vector <double > &x_N , vector <double > &y_N);

51 void update_value(vector <vector <double > > &matriu , double value);

52 void update_matrix(vector <vector <double > > &new_matrix , vector <vector <double > > &

previous_matrix);

53 void coeff_a(int scheme , int CASE , double rho , double delta_X , double delta_Y ,

double Gamma , vector <vector <double > > &vel_X , vector <vector <double > > &vel_Y ,

vector <vector <double > > &aE , vector <vector <double > > &aW , vector <vector <double >

> &aN, vector <vector <double > > &aS, vector <vector <double > > &aP, vector <vector

<double > > &me , vector <vector <double > > &mw , vector <vector <double > > &mn ,

vector <vector <double > > &ms );

54 void HRS_matrix(int scheme , vector <vector <vector <double > > > &HRS , vector <double >

&x_VC , vector <double > &y_VC , vector <double > &x_N , vector <double > &y_N , vector <

vector <double > > &Fi_0 , vector <vector <double > > &me , vector <vector <double > > &

mw, vector <vector <double > > &mn , vector <vector <double > > &ms );

55 void coeff_b(vector <vector <vector <double > > > &HRS , double rho , vector <vector <

double > > &Fi_0 , vector <vector <double > > &bP , vector <vector <double > > &me,

vector <vector <double > > &mw , vector <vector <double > > &mn , vector <vector <double >

> &ms );

56 void resolution(int CASE , vector <double > &x_N , vector <vector <double > > &Fi, vector

<vector <double > > &Fi_est , vector <vector <double > > &aP , vector <vector <double > >

&aE , vector <vector <double > > &aW , vector <vector <double > > &aN , vector <vector <

double > > &aS , vector <vector <double > > &bP);

57 void convergence(vector <vector <double > > &Fi, vector <vector <double > > &Fi_est ,

double &maxim);

58

59 ofstream outg ("geom_S_quick_Peinf.txt");

60 ofstream outf ("fi_S_quick_Peinf.txt");

61

62 // -----------------------------------------------------------//

63 // -------------------------- MAIN ------------------------- //

64 int main(){

65

66 // -------------------------------------------------------//

67 // I - DATA INPUT:

68 // -------------------- NUMERICAL ---------------------- //

69 double t = 0.0;

70 double t_final = 100;

71 double maxim;

72 double delta = 10e-6; // Convergence parameter

73 double v_0 = 1.0;

74 double Gamma = 1.0; // Diffusive parameter

75 double rho = 1000000.0;

76 double Fi_initial = 1.0;

77 double delta_X = L/double(N);

78 double delta_Y = H/double(M);

79 int i, j; // Geometry parameters

80

81 int CASE;

82 // CASE 4 = SMITH -HUTTON

83 int scheme;

84 // scheme 4 = SUDS

85 // scheme 5 = QUICK

86 // -------------------------------------------------------//

87 // II - PREVIOUS CALCULATIONS AND VECTOR DEFINITIONS:

88 // ---------------------- VECTORS ---------------------- //
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89 // Geometry vectors

90 vector <double > x_VC(N+1), y_VC(M+1);

91 vector <double > x_N(nmax), y_N(mmax);

92 // Velocity vectors

93 vector <vector <double > > vel_X(nmax , vector <double > (mmax)), vel_Y(nmax ,

vector <double > (mmax));

94 // Discretization coefficients

95 vector <vector <double > > aP(nmax , vector <double > (mmax)), aE(nmax , vector <

double > (mmax)), aW(nmax , vector <double > (mmax)), aN(nmax , vector <

double > (mmax)), aS(nmax , vector <double > (mmax)), bP(nmax , vector <

double > (mmax));

96 // Generic variable vectors

97 vector <vector <double > > Fi_0(nmax , vector <double > (mmax)); // Generic

variable t^n

98 vector <vector <double > > Fi(nmax , vector <double > (mmax)); // Generic

variable t^n+1

99 vector <vector <double > > Fi_est(nmax , vector <double > (mmax)); // Generic

variable ESTIMATED

100 // HRS matrix

101 vector <vector <vector <double > > > HRS(nmax , vector <vector <double > >(mmax ,

vector <double >(4)));

102 // Mass fluxes vectors

103 vector <vector <double > > me(nmax , vector <double > (mmax)), mw(nmax , vector <

double > (mmax)), mn(nmax , vector <double > (mmax)), ms(nmax , vector <

double > (mmax));

104

105 // ----------------- PREVIOUS CALCULATIONS ------------------ //

106 // Null -value initialization

107 double null_val = 0.0;

108 update_value(aP, null_val);

109 update_value(aE, null_val);

110 update_value(aW, null_val);

111 update_value(aN, null_val);

112 update_value(aS, null_val);

113 update_value(bP, null_val);

114

115 // CASE and SCHEME choice

116 cout <<"CASE:␣";

117 cin >>CASE;

118 cout <<"SCHEME:␣";

119 cin >>scheme;

120

121 // Mesh generation as a function of the CASE

122 mesh_generation(delta_X , delta_Y , CASE , x_VC , y_VC , x_N , y_N);

123 // Velocity field as a function of the CASE

124 velocity_field(CASE , v_0 , vel_X , vel_Y , x_N , y_N);

125

126 // Generic variable initial map

127 update_value(Fi, Fi_initial);

128

129 // Constant coefficient evaluation as a function of the CASE and SCHEME

130 coeff_a(scheme , CASE , rho , delta_X , delta_Y , Gamma , vel_X , vel_Y , aE, aW,

aN , aS , aP , me , mw , mn , ms);

131

132 // -------------------------------------------------------//

133 // III - TEMPORAL COMPUTATION:

134 while(t<t_final){

135

136 // Generic variable update from the previous time instant

137 update_matrix(Fi_0 , Fi);

138 maxim = 1e4;

139

140 // HRS matrix evaluation
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141 HRS_matrix(scheme , HRS , x_VC , y_VC , x_N , y_N , Fi_0 , me , mw , mn , ms

);

142

143 // Gauss -Seidel solver with convercence parameter

144 while(maxim >delta){

145

146 // Estimated generic variable update

147 update_matrix(Fi_est , Fi);

148

149 // bP evaluation

150 coeff_b(HRS , rho , Fi_0 , bP , me , mw , mn , ms );

151

152 // Generic variable solver as a function of the CASE

153 resolution(CASE , x_N , Fi, Fi_est , aP , aE , aW , aN , aS , bP);

154

155 // Convergence evaluation

156 convergence(Fi, Fi_est , maxim);

157

158 }

159 cout <<t<<endl;

160 t = t + delta_t;

161

162 }

163

164 // -------------------------------------------------------//

165 // ------------------- OUTPUT FILES -------------------- //

166 for(i=0; i<N+2; i++){

167 for(j=0; j<M+2; j++){

168 cout <<Fi[i][j]<<"␣␣␣";

169 }

170 cout <<endl;

171 }

172

173 for (i=0; i<N+2; i++){

174 outg <<x_N[i]<<"\t";

175 }

176 outg <<endl;

177 for (j=0; j<M+2; j++){

178 outg <<y_N[j]<<"\t";

179 }

180 outg <<endl;

181

182 for (i=0; i<N+2; i++){

183 for (j=0; j<M+2; j++){

184 outf <<Fi[j][i]<<"\t";

185 }

186 outf <<endl;

187 }

188 // -------------------------------------------------------//

189 // -------------------------------------------------------//

190

191 }

192

193 void mesh_generation(double &delta_X , double &delta_Y , int CASE , vector <double > &

x_VC , vector <double > &y_VC , vector <double > &x_N , vector <double > &y_N)

194 {

195 int i, j;

196

197 switch (CASE){

198

199 case 4:

200 delta_X = 2*L/double(N);

201 // -----------------------------------------------------------//
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202 // A - CV position

203 for(i=0; i<N+1; i++){

204 x_VC[i] = (i*delta_X)-L;

205 }

206 for(j=0; j<M+1; j++){

207 y_VC[j] = j*delta_Y;

208 }

209 // -----------------------------------------------------------//

210 // -----------------------------------------------------------//

211 // B - Nodes position

212 x_N [0] = -L; x_N[N+1]=L;

213 y_N [0] = 0.0; y_N[M+1]=H;

214 for(i=1; i<N+1; i++){

215 x_N[i] = 0.5*( x_VC[i]+x_VC[i-1]);

216 }

217 for(j=1; j<M+1; j++){

218 y_N[j] = 0.5*( y_VC[j]+y_VC[j-1]);

219 }

220 // -----------------------------------------------------------//

221 break;

222 }

223 }

224

225 void velocity_field(int CASE , double v_0 , vector <vector <double > > &vel_X , vector <

vector <double > > &vel_Y , vector <double > &x_N , vector <double > &y_N)

226 {

227

228 int i, j;

229 double alpha = 0.0;

230

231 switch (CASE){

232

233 case 4:

234 double x;

235 for (i=0; i<N+2; i++){

236 for (j=0; j<M+2; j++){

237 vel_X[i][j] = 2*y_N[j]*(1-pow(x_N[i],2));

238 vel_Y[i][j] = -2*x_N[i]*(1-pow(y_N[j],2));

239 }

240 }

241 break;

242 }

243 }

244

245 void update_value(vector <vector <double > > &matriu , double value)

246 {

247 int i, j;

248

249 for(i=0; i<N+2; i++){

250 for(j=0; j<M+2; j++){

251 matriu[i][j] = value;

252 }

253 }

254 }

255

256 void update_matrix(vector <vector <double > > &new_matrix , vector <vector <double > > &

previous_matrix)

257 {

258 int i, j;

259

260 for(i=0; i<N+2; i++){

261 for(j=0; j<M+2; j++){

262 new_matrix[i][j] = previous_matrix[i][j];
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263 }

264 }

265 }

266

267 void coeff_a(int scheme , int CASE , double rho , double delta_X , double delta_Y ,

double Gamma , vector <vector <double > > &vel_X , vector <vector <double > > &vel_Y ,

vector <vector <double > > &aE , vector <vector <double > > &aW , vector <vector <double >

> &aN, vector <vector <double > > &aS, vector <vector <double > > &aP, vector <vector

<double > > &me , vector <vector <double > > &mw , vector <vector <double > > &mn ,

vector <vector <double > > &ms )

268 {

269 int i, j;

270 double Se, Sw, Sn, Ss;

271 // Diffusive terms

272 double De, Dw, Dn, Ds;

273 // velocities

274 vector <vector <double > > vE(nmax , vector <double > (mmax)), vW(nmax , vector <

double > (mmax)), vN(nmax , vector <double > (mmax)), vS(nmax , vector <

double > (mmax)); //

velocities

275

276 // MASS FLUXES as a function of the CASE

277 switch (CASE){

278

279 case 4:

280 // Velocity harmonic mean is applied for the CASE 4

281 for(j=0; j<M+1; j++){

282 vE[0][j] = vel_X [0][j]; vW[0][j] = vel_X [0][j];

283 vE[N+1][j] = vel_X[N+1][j]; vW[N+1][j] = vel_X[N

+1][j];

284 for (i=1; i<N; i++){

285 vE[i][j]= delta_X /(((0.5* delta_X)/vel_X[i

][j]) +((0.5* delta_X)/vel_X[i+1][j]));

286 vW[i][j]= delta_X /(((0.5* delta_X)/vel_X[i

-1][j]) +((0.5* delta_X)/vel_X[i][j]));

287 }

288 }

289 for (i=0; i<=N+1; i++){

290 vN[i][0] = vel_Y[i][0]; vS[i][0] = vel_Y[i][0];

291 vN[i][M+1] = vel_Y[i][N+1]; vS[i][N+1] = vel_Y[i

][N+1];

292 for(j=1; j<M; j++){

293 vN[i][j]= delta_Y /(((0.5* delta_Y)/vel_Y[i][j])

+((0.5* delta_Y)/vel_Y[i][j+1]));

294 vS[i][j]= delta_Y /(((0.5* delta_Y)/vel_Y[i][j

-1]) +((0.5* delta_Y)/vel_Y[i][j]));

295 }

296 }

297 break;

298 }

299 Se = delta_Y*W; Sw = delta_Y*W;

300 Sn = delta_X*W; Ss = delta_X*W;

301

302 for(i=0; i<N+2; i++){

303 for(j=0; j<M+2; j++){

304 me[i][j] = rho*Se*vE[i][j]; mw[i][j] = -rho*Sw*vW[i][j];

305 mn[i][j] = rho*Se*vN[i][j]; ms[i][j] = -rho*Sw*vS[i][j];

306 }

307 }

308

309 // DISCRETIZATION COEFFICIENTS as a function of the SCHEME

310 switch (scheme){
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311 case 4:

312 case 5:

313 for(i=1; i<N+1; i++){

314 for(j=1; j<M+1; j++){

315 // DIFFUSIVE TERMS

316 De = Gamma*Se/delta_X;

317 Dw = Gamma*Sw/delta_X;

318 Dn = Gamma*Sn/delta_Y;

319 Ds = Gamma*Ss/delta_Y;

320 if(i==N){

321 De = Gamma*Se /(0.5* delta_X);

322 }

323 if(i==1){

324 Dw = Gamma*Se /(0.5* delta_X);

325 }

326 if(j==M){

327 Dn = Gamma*Sn /(0.5* delta_Y);

328 }

329 if(j==1){

330 Ds = Gamma*Ss /(0.5* delta_Y);

331 }

332 aE[i][j] = De - ((me[i][j] - abs(me[i][j])

)/(2));

333 aW[i][j] = Dw - ((mw[i][j] - abs(mw[i][j])

)/(2));

334 aN[i][j] = Dn - ((mn[i][j] - abs(mn[i][j])

)/(2));

335 aS[i][j] = Ds - ((ms[i][j] - abs(ms[i][j])

)/(2));

336 }

337 }

338 break;

339 }

340

341 // aP coefficient evaluation

342 for(i=1; i<N+1; i++){

343 for(j=1; j<M+1; j++){

344 aP[i][j] = aE[i][j] + aW[i][j] + aN[i][j] + aS[i][j] + rho

*0.0002/ delta_t;

345 }

346 }

347 }

348

349 void HRS_matrix(int scheme , vector <vector <vector <double > > > &HRS , vector <double >

&x_VC , vector <double > &y_VC , vector <double > &x_N , vector <double > &y_N , vector <

vector <double > > &Fi_0 , vector <vector <double > > &me , vector <vector <double > > &

mw, vector <vector <double > > &mn , vector <vector <double > > &ms )

350 {

351 // -------------- REMEMBER -------------- //

352 // HRS[i][j][0] = HRSe

353 // HRS[i][j][1] = HRSw

354 // HRS[i][j][2] = HRSn

355 // HRS[i][j][3] = HRSs

356 // HRS[i][j][4] = UDSe

357 // HRS[i][j][5] = UDSw

358 // HRS[i][j][6] = UDSn

359 // HRS[i][j][7] = UDSs

360 // -------------------------------------- //

361

362 // U-C-D scheme

363 // U = most upstream node

364 // C = first upstream node

365 // D = downstream node
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366 int i, j, k;

367 double xU, xC, xD, xf; // Positions

368 double fiU , fiC , fiD; // Phi values

369 double fiC_ad , xC_ad , xf_ad; // Dimensionless positions and phi values

370

371 // Dimensionless evaluations as a function of the SCHEME

372 switch(scheme){

373 case 4:

374 for (i=0; i<N+2; i++){

375 for(j=0; j<M+2; j++){

376 if(i>0 && i<N+1 && j>0 && j<M+1){

377 // EAST FACES

378 if( i==N ){

379 HRS[i][j][0] = Fi_0[i+1][j];

380 HRS[i][j][4] = Fi_0[i+1][j];

381 }

382 else{

383 if (me[i][j]>=0){

384 xU = x_N[i-1]; xC = x_N[i

]; xD = x_N[i+1];

385 xf = x_VC[i];

386 fiU = Fi_0[i-1][j];

fiC = Fi_0[i][j];

fiD = Fi_0[i+1][

j];

387 }

388 else{

389 xU = x_N[i+2]; xC = x_N[i

+1]; xD = x_N[i];

390 xf = x_VC[i];

391 fiU = Fi_0[i+2][j];

fiC = Fi_0[i+1][j];

fiD = Fi_0[i][j];

392 }

393 // Dimensionless computation

394 if (fiD == fiU){ //

Avoid 0/0 from the first

iteration since Phi_0(t=0) =

1.0 for all the fluid domain

395 fiC_ad = 0.0;

396 }

397 else{

398 fiC_ad = (fiC -fiU)/(fiD -

fiU);

399 }

400 xC_ad = (xC -xU)/(xD -xU);

401 xf_ad = (xf -xU)/(xD -xU);

402 // Dimension computation

403 HRS[i][j][0] = fiU + (fiD -fiU)*

fiC_ad *(xf_ad/xC_ad);

404 HRS[i][j][4] = fiU + (fiD -fiU)*

fiC_ad;

405 }

406 // WEST FACES

407 if( i==1 ){

408 HRS[i][j][1] = Fi_0[i-1][j];

409 HRS[i][j][5] = Fi_0[i-1][j];

410 }

411 else{

412 if (mw[i][j]>=0){

413 xU = x_N[i-2]; xC = x_N[i

-1]; xD = x_N[i];

414 xf = x_VC[i-1];
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415 fiU = Fi_0[i-2][j];

fiC = Fi_0[i-1][j];

fiD = Fi_0[i][j];

416 }

417 else{

418 xU = x_N[i+1]; xC = x_N[i

]; xD = x_N[i-1];

419 xf = x_VC[i-1];

420 fiU = Fi_0[i+1][j];

fiC = Fi_0[i][j];

fiD = Fi_0[i-1][

j];

421 }

422 // Dimensionless computation

423 if (fiD == fiU){ //

Avoid 0/0 from the first

iteration since Phi_0(t=0) =

1.0 for all the fluid domain

424 fiC_ad = 0.0;

425 }

426 else{

427 fiC_ad = (fiC -fiU)/(fiD -

fiU);

428 }

429 xC_ad = (xC -xU)/(xD -xU);

430 xf_ad = (xf -xU)/(xD -xU);

431 // Dimension computation

432 HRS[i][j][1] = fiU + (fiD -fiU)*

fiC_ad *(xf_ad/xC_ad);

433 HRS[i][j][5] = fiU + (fiD -fiU)*

fiC_ad;

434 }

435

436 // NORTH FACES

437 if( j==M){

438 HRS[i][j][2] = Fi_0[i][j+1];

439 HRS[i][j][6] = Fi_0[i][j+1];

440 }

441 else{

442 if (mn[i][j]>=0){

443 xU = y_N[j-1]; xC = y_N[j

]; xD = y_N[j+1];

444 xf = y_VC[j];

445 fiU = Fi_0[i][j-1];

fiC = Fi_0[i][j];

fiD = Fi_0[i][j

+1];

446 }

447 else{

448 xU = y_N[j+2]; xC = y_N[j

+1]; xD = y_N[j];

449 xf = y_VC[j];

450 fiU = Fi_0[i][j+2];

fiC = Fi_0[i][j+1];

fiD = Fi_0[i][j];

451 }

452 // Dimensionless computation

453 if (fiD == fiU){ //

Avoid 0/0 from the first

iteration since Phi_0(t=0) =

1.0 for all the fluid domain

454 fiC_ad = 0.0;

455 }
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456 else{

457 fiC_ad = (fiC -fiU)/(fiD -

fiU);

458 }

459 xC_ad = (xC -xU)/(xD -xU);

460 xf_ad = (xf -xU)/(xD -xU);

461 // Dimension computation

462 HRS[i][j][2] = fiU + (fiD -fiU)*

fiC_ad *(xf_ad/xC_ad);

463 HRS[i][j][6] = fiU + (fiD -fiU)*

fiC_ad;

464 }

465

466 // SOUTH FACES

467 if( j==1 ){

468 HRS[i][j][3] = Fi_0[i][j-1];

469 HRS[i][j][7] = Fi_0[i][j-1];

470 }

471 else{

472 if (ms[i][j]>=0){

473 xU = y_N[j-2]; xC

= y_N[j-1];

xD = y_N[j];

474 xf = y_VC[j-1];

475 fiU = Fi_0[i][j-2];

fiC = Fi_0[i][j-1];

fiD = Fi_0[i][j];

476 }

477 else{

478 xU = y_N[j+1]; xC

= y_N[j];

xD = y_N[j-1];

479 xf = y_VC[j-1];

480 fiU = Fi_0[i][j+1];

fiC = Fi_0[i][j];

fiD = Fi_0[i][j

-1];

481 }

482 // Dimensionless computation

483 if (fiC == fiU){ //

Avoid 0/0 from the first

iteration since Phi_0(t=0) =

1.0 for all the fluid domain

484 fiC_ad = 0.0;

485 }

486 else{

487 fiC_ad = (fiC -fiU)/(fiD -

fiU);

488 }

489 xC_ad = (xC -xU)/(xD -xU);

490 xf_ad = (xf -xU)/(xD -xU);

491 // Dimension computation

492 HRS[i][j][3] = fiU + (fiD -fiU)*

fiC_ad *(xf_ad/xC_ad);

493 HRS[i][j][7] = fiU + (fiD -fiU)*

fiC_ad;

494 }

495 }

496

497 else{

498 for(k=0; k<8; k++){

499 for(i=0; i<N+2; i++){

500 for(j=0; j<M+2; j++){
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501 HRS[i][j][k] =

0.0;

502 }

503 }

504 }

505 }

506

507 }

508 }

509 break;

510 case 5:

511 for (i=0; i<N+2; i++){

512 for(j=0; j<M+2; j++){

513 if(i>0 && i<N+1 && j>0 && j<M+1){

514 // EAST FACES

515 if( i==N ){

516 HRS[i][j][0] = Fi_0[i+1][j

];

517 HRS[i][j][4] = Fi_0[i+1][j

];

518 }

519 else{

520 if (me[i][j]>=0){

521 xU = x_N[i-1];

xC =

x_N[i];

xD =

x_N[i+1];

522 xf = x_VC[i];

523 fiU = Fi_0[i-1][j

]; fiC =

Fi_0[i][j];

fiD =

Fi_0[i+1][j];

524 }

525 else{

526 xU = x_N[i+2];

xC =

x_N[i+1];

xD =

x_N[i];

527 xf = x_VC[i];

528 fiU = Fi_0[i+2][j

]; fiC =

Fi_0[i+1][j];

fiD = Fi_0

[i][j];

529 }

530 // Dimensionless

computation

531 if (fiD == fiU){

// Avoid 0/0

from the first

iteration since Phi_0(t

=0) = 1.0 for all the

fluid domain

532 fiC_ad = 0.0;

533 }

534 else{

535 fiC_ad = (fiC -fiU)

/(fiD -fiU);

536 }

537 xC_ad = (xC-xU)/(xD-xU);
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538 xf_ad = (xf-xU)/(xD-xU);

539 // Dimension computation

540 HRS[i][j][0] = fiU + (fiD -

fiU)*( xf_ad + (( xf_ad

*(xf_ad -1))/(xC_ad *(

xC_ad -1)))*( fiC_ad -

xC_ad) );

541 HRS[i][j][4] = fiU + (fiD -

fiU)*fiC_ad;

542 }

543 // WEST FACES

544 if( i==1 ){

545 HRS[i][j][1] = Fi_0[i-1][j

];

546 HRS[i][j][5] = Fi_0[i-1][j

];

547 }

548 else{

549 if (mw[i][j]>=0){

550 xU = x_N[i-2];

xC =

x_N[i-1];

xD =

x_N[i];

551 xf = x_VC[i-1];

552 fiU = Fi_0[i-2][j

]; fiC =

Fi_0[i-1][j];

fiD = Fi_0

[i][j];

553 }

554 else{

555 xU = x_N[i+1];

xC =

x_N[i];

xD =

x_N[i-1];

556 xf = x_VC[i-1];

557 fiU = Fi_0[i+1][j

]; fiC =

Fi_0[i][j];

fiD =

Fi_0[i-1][j];

558 }

559 // Dimensionless

computation

560 if (fiD == fiU){

// Avoid 0/0

from the first

iteration since Phi_0(t

=0) = 1.0 for all the

fluid domain

561 fiC_ad = 0.0;

562 }

563 else{

564 fiC_ad = (fiC -fiU)

/(fiD -fiU);

565 }

566 xC_ad = (xC-xU)/(xD-xU);

567 xf_ad = (xf-xU)/(xD-xU);

568 // Dimension computation

569 HRS[i][j][1] = fiU + (fiD -

fiU)*( xf_ad + (( xf_ad
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*(xf_ad -1))/(xC_ad *(

xC_ad -1)))*( fiC_ad -

xC_ad) );

570 HRS[i][j][5] = fiU + (fiD -

fiU)*fiC_ad;

571 }

572

573 // NORTH FACES

574 if( j==M){

575 HRS[i][j][2] = Fi_0[i][j

+1];

576 HRS[i][j][6] = Fi_0[i][j

+1];

577 }

578 else{

579 if (mn[i][j]>=0){

580 xU = y_N[j-1];

xC =

y_N[j];

xD =

y_N[j+1];

581 xf = y_VC[j];

582 fiU = Fi_0[i][j

-1]; fiC =

Fi_0[i][j];

fiD =

Fi_0[i][j+1];

583 }

584 else{

585 xU = y_N[j+2];

xC =

y_N[j+1];

xD =

y_N[j];

586 xf = y_VC[j];

587 fiU = Fi_0[i][j

+2]; fiC =

Fi_0[i][j+1];

fiD = Fi_0

[i][j];

588 }

589 // Dimensionless

computation

590 if (fiD == fiU){

// Avoid 0/0

from the first

iteration since Phi_0(t

=0) = 1.0 for all the

fluid domain

591 fiC_ad = 0.0;

592 }

593 else{

594 fiC_ad = (fiC -fiU)

/(fiD -fiU);

595 }

596 xC_ad = (xC-xU)/(xD-xU);

597 xf_ad = (xf-xU)/(xD-xU);

598 // Dimension computation

599 HRS[i][j][2] = fiU + (fiD -

fiU)*( xf_ad + (( xf_ad

*(xf_ad -1))/(xC_ad *(

xC_ad -1)))*( fiC_ad -

xC_ad) );
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600 HRS[i][j][6] = fiU + (fiD -

fiU)*fiC_ad;

601 }

602

603 // SOUTH FACES

604 if( j==1 ){

605 HRS[i][j][3] = Fi_0[i][j

-1];

606 HRS[i][j][7] = Fi_0[i][j

-1];

607 }

608 else{

609 if (ms[i][j]>=0){

610 xU = y_N[j-2];

xC =

y_N[j-1];

xD =

y_N[j];

611 xf = y_VC[j-1];

612 fiU = Fi_0[i][j

-2]; fiC =

Fi_0[i][j-1];

fiD = Fi_0

[i][j];

613 }

614 else{

615 xU = y_N[j+1];

xC =

y_N[j];

xD =

y_N[j-1];

616 xf = y_VC[j-1];

617 fiU = Fi_0[i][j

+1]; fiC =

Fi_0[i][j];

fiD =

Fi_0[i][j-1];

618 }

619 // Dimensionless

computation

620 if (fiC == fiU){

// Avoid 0/0

from the first

iteration since Phi_0(t

=0) = 1.0 for all the

fluid domain

621 fiC_ad = 0.0;

622 }

623 else{

624 fiC_ad = (fiC -fiU)

/(fiD -fiU);

625 }

626 xC_ad = (xC-xU)/(xD-xU);

627 xf_ad = (xf-xU)/(xD-xU);

628 // Dimension computation

629 HRS[i][j][3] = fiU + (fiD -

fiU)*( xf_ad + (( xf_ad

*(xf_ad -1))/(xC_ad *(

xC_ad -1)))*( fiC_ad -

xC_ad) );

630 HRS[i][j][7] = fiU + (fiD -

fiU)*fiC_ad;

631 }
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632 }

633

634 else{

635 for(k=0; k<8; k++){

636 for(i=0; i<N+2; i++){

637 for(j=0; j<M+2; j

++){

638 HRS[i][j][

k] =

0.0;

639 }

640 }

641 }

642 }

643

644 }

645 }

646 break;

647 }

648

649

650 }

651

652 void coeff_b(vector <vector <vector <double > > > &HRS , double rho , vector <vector <

double > > &Fi_0 , vector <vector <double > > &bP , vector <vector <double > > &me,

vector <vector <double > > &mw , vector <vector <double > > &mn , vector <vector <double >

> &ms )

653 {

654 int i, j;

655

656 for(i=1; i<N+1; i++){

657 for(j=1; j<M+1; j++){

658 bP[i][j] = rho *0.0002* Fi_0[i][j]/ delta_t - me[i][j]*( HRS[i

][j][0] - HRS[i][j][4]) + mw[i][j]*( HRS[i][j][1] - HRS[

i][j][5]) - mn[i][j]*(HRS[i][j][2] - HRS[i][j][6]) + ms

[i][j]*(HRS[i][j][3] - HRS[i][j][7]);

659 }

660 }

661 }

662

663 void resolution(int CASE , vector <double > &x_N , vector <vector <double > > &Fi, vector

<vector <double > > &Fi_est , vector <vector <double > > &aP , vector <vector <double > >

&aE , vector <vector <double > > &aW , vector <vector <double > > &aN , vector <vector <

double > > &aS , vector <vector <double > > &bP)

664 {

665 int i, j;

666 double Fi_in = 1.0, Fi_out = 0.0;

667

668 // INNNER NODES

669 for(i=1; i<N+1; i++){

670 for(j=1; j<M+1; j++){

671 Fi[i][j] = ( aE[i][j]* Fi_est[i+1][j] + aW[i][j]*

Fi_est[i-1][j] + aN[i][j]* Fi_est[i][j+1] + aS[i

][j]* Fi_est[i][j-1] + bP[i][j] ) / aP[i][j];

672 //Fi[i][j] = 0.0;

673 }

674 }

675

676 // BOUNDARY CONDITIONS as a function of the CASE: FI for wall nodes are

already known

677 switch (CASE){

678

679
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680 case 4:

681 int half = (N+2)/2;

682 for(i=1; i<=half; i++){

683 j=0;

684 Fi[i][j] = 1+tanh (10*(2* x_N[i] + 1));

685 j=M+1;

686 Fi[i][j] = 1-tanh (10);

687 }

688 for(i=half +1; i<N+1; i++){

689 j=0;

690 Fi[i][j] = Fi[i][j+1];

691 j=M+1;

692 Fi[i][j] = 1-tanh (10);

693 }

694 for(j=1; j<M+1; j++){

695 i=0;

696 Fi[i][j] = 1-tanh (10);

697 i=N+1;

698 Fi[i][j] = 1-tanh (10);

699 }

700 break;

701

702 }

703 // Arbitary temperature value assignation for the corner nodes

704 Fi [0][0] = Fi [1][0]; Fi[0][M+1] = Fi[1][M+1];

705 Fi[N+1][0] = Fi[N][0]; Fi[N+1][M+1] = Fi[N][M+1];

706

707 }

708

709 void convergence(vector <vector <double > > &Fi, vector <vector <double > > &Fi_est ,

double &maxim)

710 {

711 int i, j;

712 double diff , max_aux = 0.0;

713

714 // Maximum difference between estimated and next computed temperature

715 for(i=1; i<N+1; i++){

716 for(j=1; j<M+1; j++){

717 diff = abs(Fi[i][j] - Fi_est[i][j]);

718

719 if(diff >= max_aux){

720 max_aux = diff;

721 }

722

723 }

724 }

725

726 maxim = max_aux;

727

728 }
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Annex D

Lid Driven Cavity code

1 // -----------------------------------------------------------//

2 // //

3 // Study for the computational resolution of //

4 // conservation equations of mass , momentum and energy //

5 // Numerical analysis and turbulence models //

6 // //

7 // -----------------------------------------------------------//

8 // Author: Gerard Toset Alonso //

9 // Date: June , 2023 //

10 // Code: Chapter 5 - FSM - Lid Driven Cavity //

11 // -----------------------------------------------------------//

12 // GENERAL DESCRIPTION //

13 // - SOLVER : Gauss -Seidel //

14 // - Transient regime //

15 // - 2D spatial discretization - Cell -centered nodes //

16 // - CDS - UDS - SUDS //

17 // -----------------------------------------------------------//

18

19 #include <iostream >

20 #include <math.h>

21 #include <cmath >

22 #include <fstream >

23 #include <ctime >

24 #include <vector >

25 using namespace std;

26

27 // -----------------------------------------------------------//

28 // ------------------ Constant definitions ----------------- //

29 const double L=1;

30 const double H=1;

31 const double W=1;

32 const double rho =5000;

33 const double mu=1;

34 const double uref =1;

35

36 const int N=50; // Number of CVs in X direction

37 const int M=50; // Number of CVs in Y direction

38 const int nmax = N+2;

39 const int mmax = M+2;

40 double delta =1e-6; // Convergence parameter

41 double delta_t =0.01; // Time step

42 const int SCHEME = 0; // 1:CDS - 2:UDS - 3:SUDS
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44 // -----------------------------------------------------------//

45 // ----------------- Functions definition ------------------ //

46 void mesh_generation(vector <double > &x_N , vector <double > &xVC , vector <double > &y_N

, vector <double > &yVC , double& delta_X , double& delta_Y);

47 void initial_vel_map(vector <vector <double > > &u0, vector <vector <double > > &v0);

48 void press_map(vector <vector <double > > &press);

49 void update(vector <vector <double > > &mat1 , vector <vector <double > > &mat2);

50 void R_vel_u(vector <double > &x_N , vector <double > &xVC , vector <double > &y_N , vector

<double > &yVC , vector <vector <double > > &R_u , vector <vector <double > > &vel_X ,

vector <vector <double > > &vel_Y);

51 void R_vel_v(vector <double > &x_N , vector <double > &xVC , vector <double > &y_N , vector

<double > &yVC , vector <vector <double > > &R_v , vector <vector <double > > &vel_X ,

vector <vector <double > > &vel_Y);

52 void R_initial(vector <vector <double > > &R_u , vector <vector <double > > &R_v);

53 void interm_vel(double delta_t , vector <vector <double > > &vel_p , vector <vector <

double > > &vel , vector <vector <double > > &R, vector <vector <double > > &R_PRE);

54 void resolution(double delta_t , vector <double > &x_N , vector <double > &xVC , vector <

double > &y_N , vector <double > &yVC , vector <vector <double > > &press , double delta

, vector <vector <double > > &vP_u , vector <vector <double > > &vP_v);

55 void maximum(vector <vector <double > > &press , vector <vector <double > > &press_est ,

double& error);

56 void next_vel_u(vector <double > &x_N , double delta_t , vector <vector <double > > &

vnext_u , vector <vector <double > > &press , vector <vector <double > > &vP_u);

57 void next_vel_v(vector <double > &y_N , double delta_t , vector <vector <double > > &

vnext_v , vector <vector <double > > &press , vector <vector <double > > &vP_v);

58 void min_time(double delta_X , double delta_Y , double& delta_t , vector <vector <

double > > &vnext_u , vector <vector <double > > &vnext_v);

59

60 ofstream outg ("g_LDC_C_5000_25.txt");

61 ofstream outu ("u_LDC_C_5000_25.txt");

62 ofstream outv ("v_LDC_C_5000_25.txt");

63 ofstream outp ("p_LDC_C_5000_25.txt");

64

65 // -----------------------------------------------------------//

66 // --------------------------- MAIN --------------------------//

67

68 int main (){

69

70 // -------------------------------------------------------//

71 // I - DATA INPUT:

72 // -------------------- NUMERICAL ---------------------- //

73 double delta_X , delta_Y;

74 double t, error_s;

75 int i,j;

76

77 // -------------------------------------------------------//

78 // II - PREVIOUS CALCULATIONS AND VECTOR DEFINITIONS:

79 // ---------------------- VECTORS ---------------------- //

80 // Geometry

81 vector <double > xVC(M+2), yVC(M+2), x_N(N+2), y_N(N+2);

82 // Initial velocity map

83 vector <vector <double > > u0(N+2,vector <double >(M+2)), v0(N+2,vector <double

>(M+2));

84 // Velocity for t=n

85 vector <vector <double > > vel_X(N+2,vector <double >(M+2)), vel_Y(N+2,vector <

double >(M+2));

86 // Velocity for t=n-1

87 vector <vector <double > > vel_X_PRE(N+2,vector <double >(M+2)), vel_Y_PRE(N+2,

vector <double >(M+2));

88 // Velocity for t=n+1

89 vector <vector <double > > vnext_u(N+2,vector <double >(M+2)), vnext_v(N+2,

vector <double >(M+2));

90 // Intermediate velocity - Predictor velocity
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91 vector <vector <double > > vP_u(N+2,vector <double >(M+2)), vP_v(N+2,vector <

double >(M+2));

92 // Pressure map for t=n+1

93 vector <vector <double > > press(N+2,vector <double >(M+2));

94 // Pressure map for t=n

95 vector <vector <double > > press_PRE(N+2,vector <double >(M+2));

96 // R for u and v, and t=n and t=n-1

97 vector <vector <double > > R_u(N+2,vector <double >(M+2)), R_u_PRE(N+2,vector <

double >(M+2)), R_v(N+2,vector <double >(M+2)), R_v_PRE(N+2,vector <double

>(M+2));

98

99 // ----------------- PREVIOUS CALCULATIONS ------------------ //

100 // Mesh generation

101 mesh_generation(x_N , xVC , y_N , yVC , delta_X , delta_Y);

102 // Initial velocity and pressure maps

103 initial_vel_map(u0, v0);

104 press_map(press);

105 // Initially , R(u for t=n-1) = 0 and R(v for t=n-1) = 0.

106 R_initial(R_u_PRE , R_v_PRE);

107

108 // -----------------------------------------------------------//

109 // Data update for t=n and t=n-1

110 update(u0, vel_X);

111 update(u0, vel_X_PRE);

112 update(v0, vel_Y);

113 update(v0, vel_Y_PRE);

114 update(press , press_PRE);

115

116 // -----------------------------------------------------------//

117 // TIME -CONVERGENCE STARTING POINT

118 // -----------------------------------------------------------//

119 t=0;

120 error_s =99999;

121 //

122 while (error_s >0.001){

123 // CFL condition for time step

124 min_time(delta_X , delta_Y , delta_t , vnext_u , vnext_v);

125 t=t+delta_t;

126 // delta_t = 0.0001;

127

128 // R(u for t=n) and R(v for t=n) evaluation

129 R_vel_u(x_N , xVC , y_N , yVC , R_u , vel_X , vel_Y);

130 R_vel_v(x_N , xVC , y_N , yVC , R_v , vel_X , vel_Y);

131

132 // Intermediate velocity evaluation with real velocity for t=n and

R for t=n and t=n-1

133 interm_vel(delta_t , vP_u , vel_X , R_u , R_u_PRE);

134 interm_vel(delta_t , vP_v , vel_Y , R_v , R_v_PRE);

135

136 // Pressure solver: Gauss -Seidel node -by-node

137 resolution(delta_t , x_N , xVC , y_N , yVC , press , delta , vP_u , vP_v);

138

139 // Next velocity evaluation

140 next_vel_u(x_N , delta_t , vnext_u , press , vP_u);

141 next_vel_v(y_N , delta_t , vnext_v , press , vP_v);

142

143 // Time convergence evaluation

144 maximum(press , press_PRE , error_s);

145

146 // Data update for the next time step

147 update(vnext_u , vel_X);

148 update(vnext_v , vel_Y);

149 update(vel_X , vel_X_PRE);
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150 update(vel_Y , vel_Y_PRE);

151 update(R_u , R_u_PRE);

152 update(R_v , R_v_PRE);

153 update(press , press_PRE);

154

155 cout <<t;

156 cout <<endl;

157 }

158

159 // ----------------------------------------------//

160 // --------------- OUTPUT FILES --------------- //

161 for (i=0; i<N+2; i++){

162 outg <<x_N[i]<<"\t";

163 }

164 outg <<endl;

165 for (j=0; j<M+2; j++){

166 outg <<y_N[j]<<"\t";

167 }

168 outg <<endl;

169 for(i=0; i<N+2; i++){

170 for(j=0; j<M+2; j++){

171 outu <<vnext_u[i][j]<<"\t";

172 }

173 outu <<endl;

174 }

175 for(i=0; i<N+2; i++){

176 for(j=0; j<M+2; j++){

177 outv <<vnext_v[i][j]<<"\t";

178 }

179 outv <<endl;

180 }

181 for(i=0; i<N+2; i++){

182 for(j=0; j<M+2; j++){

183 outp <<press[i][j]<<"\t";

184 }

185 outp <<endl;

186 }

187 // ----------------------------------------------//

188 // ----------------------------------------------//

189

190 }

191

192 // ---------------------------------------------------------------------//

193 // -------------------------- MAIN FUNCTIONS ------------------------- //

194 void mesh_generation(vector <double > &x_N , vector <double > &xVC , vector <double > &y_N

, vector <double > &yVC , double& delta_X , double& delta_Y)

195 {

196 int i, j;

197 delta_X=L/N; delta_Y=H/M;

198

199 // -------- x-mesh -------- //

200 x_N [0]=0; xVC [0]=0;

201 for (i=1; i<N+1; i++){

202 x_N[i]= (i -0.5)*delta_X;

203 xVC[i]= i*delta_X;

204 }

205 x_N[N+1]=L; xVC[N+1]=0;

206

207 // -------- y-mesh -------- //

208 y_N [0]=0; yVC [0]=0;

209 for (j=1; j<M+1; j++){

210 y_N[j]= (j -0.5)*delta_Y;

211 yVC[j]= j*delta_Y;
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212 }

213 y_N[M+1]=H; yVC[M+1]=0;

214 }

215

216 void initial_vel_map(vector <vector <double > > &u0, vector <vector <double > > &v0)

217 {

218 int i, j;

219 double u_inicial =0;

220 double v_inicial =0;

221

222 for (i=0; i<N+2; i++){

223 for(j=0; j<M+2; j++){

224 if(j==M and i<N+1){

225 u0[i][M] = uref;

226 }

227 else {

228 u0[i][j] = u_inicial;

229 }

230 }

231 }

232

233 for (i=0; i<N+2; i++){

234 for(j=0; j<M+1; j++){

235 v0[i][j] = v_inicial;

236 }

237 v0[i][M+1] = 0;

238 }

239 }

240

241 void press_map(vector <vector <double > > &press)

242 {

243 int i,j;

244

245 // Initial arbitrary pressure

246 for (i=0; i<N+2; i++){

247 for(j=0; j<M+2; j++){

248 press[i][j] = 0;

249 }

250 }

251 }

252

253 void update(vector <vector <double > > &mat1 , vector <vector <double > > &mat2)

254 {

255 int i,j;

256

257 for (i=0; i<N+2; i++){

258 for (j=0; j<M+2; j++){

259 mat2[i][j] = mat1[i][j];

260 }

261 }

262 }

263

264 void R_initial(vector <vector <double > > &R_u , vector <vector <double > > &R_v)

265 {

266 int i,j;

267

268 for(i=0; i<N+2; i++ ){

269 for(j=0; j<M+2; j++){

270 R_u[i][j]=0;

271 R_v[i][j]=0;

272 }

273 }

274 }
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275

276 void R_vel_u(vector <double > &x_N , vector <double > &xVC , vector <double > &y_N , vector

<double > &yVC , vector <vector <double > > &R_u , vector <vector <double > > &vel_X ,

vector <vector <double > > &vel_Y)

277 {

278 int i, j;

279 double me, mw, mn, ms; // mass fluxes

280 double ue, uw, un, us; // velocities with CDS - UDS - QUICK

281 double Ae, Aw, An, As; // Areas

282 double dEP , dPW , dNP , dPS , vVC; // Distances

283 double fe, fw, fn, fs; // fe = 0 if me >0

284

285 double xU, xC, xD, xf; // Positions

286 double fiU , fiC , fiD; // Phi values

287 double fiC_ad , xC_ad , xf_ad; // Adimensional values

288

289 for (i=0; i<N+2; i++){

290 for(j=0; j<M+2; j++){

291 if(i>0 && i<N && j>1 && j<M){

292 Ae = yVC[j+1]-yVC[j]; Aw = Ae;

293 An = x_N[i+1]-x_N[i]; As = An;

294

295 me = rho*( vel_X[i+1][j]+vel_X[i][j])*Ae/2;

296 mw = rho*( vel_X[i][j]+vel_X[i-1][j])*Aw/2;

297 mn = rho*( vel_Y[i][j]*( xVC[i]-x_N[i]) + vel_Y[i

+1][j]*( x_N[i+1]-xVC[i]) );

298 ms = rho*( vel_Y[i][j-1]*( xVC[i]-x_N[i]) + vel_Y[i

+1][j -1]*( x_N[i+1]-xVC[i]) );

299

300 switch(SCHEME){

301 case 1:

302 // CDS

303 ue = ((x_N[i+1]-xVC[i])/(xVC[i+1]-

xVC[i]))*( vel_X[i+1][j]-vel_X[i

][j])+vel_X[i][j];

304 uw = ((xVC[i]-x_N[i])/(xVC[i]-xVC[

i-1]))*(vel_X[i-1][j]-vel_X[i][

j])+vel_X[i][j];

305 un = ((yVC[j]-y_N[j])/(y_N[j+1]-

y_N[j]))*( vel_X[i][j+1]- vel_X[i

][j])+vel_X[i][j];

306 us = ((y_N[j]-yVC[j-1])/(y_N[j]-

y_N[j-1]))*( vel_X[i][j-1]- vel_X

[i][j])+vel_X[i][j];

307 break;

308 case 2:

309 // UDS

310 if(me >=0){

311 fe = 0.0;

312 }

313 else{

314 fe = 1.0;

315 }

316 if(mw >=0){

317 fw = 1.0;

318 }

319 else{

320 fw = 0.0;

321 }

322 if(mn >=0){

323 fn = 0.0;

324 }

325 else{
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326 fn = 1.0;

327 }

328 if(ms >=0){

329 fs = 1.0;

330 }

331 else{

332 fs = 0.0;

333 }

334 ue = (fe)*(vel_X[i+1][j]-vel_X[i][

j])+vel_X[i][j];

335 uw = (fw)*(vel_X[i-1][j]-vel_X[i][

j])+vel_X[i][j];

336 un = (fn)*(vel_X[i][j+1]-vel_X[i][

j])+vel_X[i][j];

337 us = (fs)*(vel_X[i][j-1]-vel_X[i][

j])+vel_X[i][j];

338 break;

339 case 3:

340 // SUDS

341 // SUDS + fe=0 o fe=1 for UDS

342 if(me >=0){

343 xU = x_N[i-1];

xC = x_N[i];

xD

= x_N[i+1];

344 xf = xVC[i];

345 fiU = vel_X[i-1][j];

fiC = vel_X[i][j];

fiD =

vel_X[i+1][j];

346 }

347 else{

348 xU = x_N[i+2];

xC = x_N[i+1];

xD =

x_N[i];

349 xf = xVC[i];

350 fiU = vel_X[i+2][j];

fiC = vel_X[i+1][j];

fiD = vel_X[i][j];

351 }

352 if (fiD == fiU){ //Avoid 0/0 from

the first iteration since Phi_0

(t=0) = 1.0 for all the fluid

domain

353 fiC_ad = 0.0;

354 }

355 else{

356 fiC_ad = (fiC -fiU)/(fiD -

fiU);

357 }

358 xC_ad = (xC -xU)/(xD -xU);

359 xf_ad = (xf -xU)/(xD -xU);

360 ue = fiU + (fiD -fiU)*fiC_ad *(xf_ad

/xC_ad);

361

362 if(mw >=0){

363 xU = x_N[i-2]; xC = x_N[i

-1]; xD = x_N[i];

364 xf = xVC[i-1];

365 fiU = vel_X[i-2][j]; fiC =

vel_X[i-1][j]; fiD =

vel_X[i][j];
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366 }

367 else{

368 xU = x_N[i+1]; xC = x_N[i

]; xD = x_N[i-1];

369 xf = xVC[i-1];

370 fiU = vel_X[i+1][j]; fiC =

vel_X[i][j]; fiD =

vel_X[i-1][j];

371 }

372 if (fiD == fiU){ //Avoid 0/0 from

the first iteration since Phi_0

(t=0) = 1.0 for all the fluid

domain

373 fiC_ad = 0.0;

374 }

375 else{

376 fiC_ad = (fiC -fiU)/(fiD -

fiU);

377 }

378 xC_ad = (xC -xU)/(xD -xU);

379 xf_ad = (xf -xU)/(xD -xU);

380 uw = fiU + (fiD -fiU)*fiC_ad *(xf_ad

/xC_ad);

381

382 if(mn >=0){

383 xU = y_N[j-1]; xC = y_N[j

]; xD = y_N[j+1];

384 xf = yVC[j];

385 fiU = vel_X[i][j-1]; fiC =

vel_X[i][j]; fiD =

vel_X[i][j+1];

386 }

387 else{

388 xU = y_N[j+2];

xC = y_N[j+1];

xD =

y_N[j];

389 xf = yVC[j];

390 fiU = vel_X[i][j+2];

fiC = vel_X[i][j+1];

fiD = vel_X[i][j];

391 }

392 if (fiD == fiU){ //Avoid 0/0 from

the first iteration since Phi_0

(t=0) = 1.0 for all the fluid

domain

393 fiC_ad = 0.0;

394 }

395 else{

396 fiC_ad = (fiC -fiU)/(fiD -

fiU);

397 }

398 xC_ad = (xC -xU)/(xD -xU);

399 xf_ad = (xf -xU)/(xD -xU);

400 un = fiU + (fiD -fiU)*fiC_ad *(xf_ad

/xC_ad);

401

402 if(ms >=0){

403 xU = y_N[j-2];

xC = y_N[j-1];

xD =

y_N[j];

404 xf = yVC[j-1];
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405 fiU = vel_X[i][j-2];

fiC = vel_X[i][j-1];

fiD = vel_X[i][j];

406 }

407 else{

408 xU = y_N[j+1];

xC = y_N[j];

xD

= y_N[j-1];

409 xf = yVC[j-1];

410 fiU = vel_X[i][j+1];

fiC = vel_X[i][j];

fiD =

vel_X[i][j-1];

411 }

412 if (fiC == fiU){ //Avoid 0/0 from

the first iteration since Phi_0

(t=0) = 1.0 for all the fluid

domain

413 fiC_ad = 0.0;

414 }

415 else{

416 fiC_ad = (fiC -fiU)/(fiD -

fiU);

417 }

418 xC_ad = (xC -xU)/(xD -xU);

419 xf_ad = (xf -xU)/(xD -xU);

420 us = fiU + (fiD -fiU)*fiC_ad *(xf_ad

/xC_ad);

421 break;

422 }

423

424 dEP = xVC[i+1]-xVC[i]; dPW = xVC[

i]-xVC[i-1];

425 dNP = y_N[j+1]-y_N[j]; dPS = y_N[

j]-y_N[j-1];

426 vVC = (yVC[j]-yVC[j-1])*(x_N[i+1]-x_N[i]);

427

428 R_u[i][j]=(1/ vVC)*(-(me*ue -mw*uw+mn*un -ms*us)+mu

*(( vel_X[i+1][j]-vel_X[i][j])*Ae/dEP -( vel_X[i][

j]-vel_X[i-1][j])*Aw/dPW +( vel_X[i][j+1]- vel_X[

i][j])*An/dNP -( vel_X[i][j]-vel_X[i][j-1])*As/

dPS));

429 }

430 else{

431 R_u[i][j]=0;

432 }

433 }

434 }

435 }

436

437 void R_vel_v(vector <double > &x_N , vector <double > &xVC , vector <double > &y_N , vector

<double > &yVC , vector <vector <double > > &R_v , vector <vector <double > > &vel_X ,

vector <vector <double > > &vel_Y)

438 {

439 int i, j;

440 double me, mw, mn, ms; // mass fluxes

441 double ve, vw, vn, vs; // velocities with CDS -

UDS - QUICK

442 double Ae, Aw, An, As; // Areas

443 double dEP , dPW , dNP , dPS , vVC; // Distances

444 double fe, fw, fn, fs;

445
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446 double xU, xC, xD, xf; // Positions

447 double fiU , fiC , fiD; // Phi values

448 double fiC_ad , xC_ad , xf_ad; // Adimensional values

449

450 for (i=0; i<N+2; i++){

451 for(j=0; j<M+2; j++){

452 if(i>1 && i<N && j>0 && j<M){

453 Ae = y_N[j+1]-y_N[j]; Aw = Ae;

454 An = xVC[i]-xVC[i-1]; As = An;

455

456 me = rho*( vel_X[i][j]*( yVC[j]-y_N[j])+vel_X[i][j

+1]*( y_N[j+1]-yVC[j]));

457 mw = rho*( vel_X[i-1][j]*( yVC[j]-y_N[j])+vel_X[i

-1][j+1]*( y_N[j+1]-yVC[j]));

458 mn = rho*( vel_Y[i][j]+vel_Y[i][j+1])*An/2;

459 ms = rho*( vel_Y[i][j-1]+ vel_Y[i][j])*As/2;

460

461 switch(SCHEME){

462 case 1:

463 // CDS

464 ve = ((xVC[i]-x_N[i])/(x_N[i+1]-

x_N[i]))*( vel_Y[i+1][j]-vel_Y[i

][j])+vel_Y[i][j];

465 vw = ((x_N[i]-xVC[i-1])/(x_N[i]-

x_N[i-1]))*( vel_Y[i-1][j]-vel_Y

[i][j])+vel_Y[i][j];

466 vn = ((y_N[j+1]-yVC[j])/(yVC[j+1]-

yVC[j]))*( vel_Y[i][j+1]- vel_Y[i

][j])+vel_Y[i][j];

467 vs = ((yVC[j]-y_N[j])/(yVC[j]-yVC[

j-1]))*(vel_Y[i][j-1]-vel_Y[i][

j])+vel_Y[i][j];

468 break;

469 case 2:

470 // UDS

471 if(me >=0){

472 fe = 0.0;

473 }

474 else{

475 fe = 1.0;

476 }

477 if(mw >=0){

478 fw = 1.0;

479 }

480 else{

481 fw = 0.0;

482 }

483 if(mn >=0){

484 fn = 0.0;

485 }

486 else{

487 fn = 1.0;

488 }

489 if(ms >=0){

490 fs = 1.0;

491 }

492 else{

493 fs = 0.0;

494 }

495 ve = (fe)*(vel_Y[i+1][j]-vel_Y[i][

j])+vel_Y[i][j];

496 vw = (fw)*(vel_Y[i-1][j]-vel_Y[i][

j])+vel_Y[i][j];
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497 vn = (fn)*(vel_Y[i][j+1]-vel_Y[i][

j])+vel_Y[i][j];

498 vs = (fs)*(vel_Y[i][j-1]-vel_Y[i][

j])+vel_Y[i][j];

499 break;

500 case 3:

501 // SUDS

502 // SUDS + fe=0 o fe=1 for UDS

503 if(me >=0){

504 fe = 0.0;

505 xU = x_N[i-1];

xC = x_N[i];

xD

= x_N[i+1];

506 xf = xVC[i];

507 fiU = vel_Y[i-1][j];

fiC = vel_Y[i][j];

fiD =

vel_Y[i+1][j];

508 }

509 else{

510 fe = 1.0;

511 xU = x_N[i+2];

xC = x_N[i+1];

xD =

x_N[i];

512 xf = xVC[i];

513 fiU = vel_Y[i+2][j];

fiC = vel_Y[i+1][j];

fiD = vel_Y[i][j];

514 }

515 if (fiD == fiU){ //

Avoid 0/0 from the first

iteration since Phi_0(t=0) =

1.0 for all the fluid domain

516 fiC_ad = 0.0;

517 }

518 else{

519 fiC_ad = (fiC -fiU)/(fiD -

fiU);

520 }

521 xC_ad = (xC -xU)/(xD -xU);

522 xf_ad = (xf -xU)/(xD -xU);

523 ve = fiU + (fiD -fiU)*fiC_ad *(xf_ad

/xC_ad);

524

525 if(mw >=0){

526 fw = 1.0;

527 xU = x_N[i-2];

xC = x_N[i-1];

xD =

x_N[i];

528 xf = xVC[i-1];

529 fiU = vel_Y[i-2][j];

fiC = vel_Y[i-1][j];

fiD = vel_Y[i][j];

530 }

531 else{

532 fw = 0.0;

533 xU = x_N[i+1];

xC = x_N[i];

xD
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= x_N[i-1];

534 xf = xVC[i-1];

535 fiU = vel_Y[i+1][j];

fiC = vel_Y[i][j];

fiD =

vel_Y[i-1][j];

536 }

537 if (fiD == fiU){ //

Avoid 0/0 from the first

iteration since Phi_0(t=0) =

1.0 for all the fluid domain

538 fiC_ad = 0.0;

539 }

540 else{

541 fiC_ad = (fiC -fiU)/(fiD -

fiU);

542 }

543 xC_ad = (xC -xU)/(xD -xU);

544 xf_ad = (xf -xU)/(xD -xU);

545 vw = fiU + (fiD -fiU)*fiC_ad *(xf_ad

/xC_ad);

546

547 if(mn >=0){

548 fn = 0.0;

549 xU = y_N[j-1];

xC = y_N[j];

xD

= y_N[j+1];

550 xf = yVC[j];

551 fiU = vel_Y[i][j-1];

fiC = vel_Y[i][j];

fiD =

vel_Y[i][j+1];

552 }

553 else{

554 fn = 1.0;

555 xU = y_N[j+2];

xC = y_N[j+1];

xD =

y_N[j];

556 xf = yVC[j];

557 fiU = vel_Y[i][j+2];

fiC = vel_Y[i][j+1];

fiD = vel_Y[i][j];

558 }

559 if (fiD == fiU){ //

Avoid 0/0 from the first

iteration since Phi_0(t=0) =

1.0 for all the fluid domain

560 fiC_ad = 0.0;

561 }

562 else{

563 fiC_ad = (fiC -fiU)/(fiD -

fiU);

564 }

565 xC_ad = (xC -xU)/(xD -xU);

566 xf_ad = (xf -xU)/(xD -xU);

567 vn = fiU + (fiD -fiU)*fiC_ad *(xf_ad

/xC_ad);

568

569 if(ms >=0){

570 fs = 1.0;
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571 xU = y_N[j-2];

xC = y_N[j-1];

xD =

y_N[j];

572 xf = yVC[j-1];

573 fiU = vel_Y[i][j-2];

fiC = vel_Y[i][j-1];

fiD = vel_Y[i][j];

574 }

575 else{

576 fs = 0.0;

577 xU = y_N[j+1];

xC = y_N[j];

xD

= y_N[j-1];

578 xf = yVC[j-1];

579 fiU = vel_Y[i][j+1];

fiC = vel_Y[i][j];

fiD =

vel_Y[i][j-1];

580 }

581 if (fiC == fiU){ //

Avoid 0/0 from the first

iteration since Phi_0(t=0) =

1.0 for all the fluid domain

582 fiC_ad = 0.0;

583 }

584 else{

585 fiC_ad = (fiC -fiU)/(fiD -

fiU);

586 }

587 xC_ad = (xC -xU)/(xD -xU);

588 xf_ad = (xf -xU)/(xD -xU);

589 vs = fiU + (fiD -fiU)*fiC_ad *(xf_ad

/xC_ad);

590 break;

591 }

592

593 dEP = x_N[i+1]-x_N[i]; dPW = x_N[

i]-x_N[i-1];

594 dNP = yVC[j+1]-yVC[j]; dPS = yVC[

j]-yVC[j-1];

595 vVC = (xVC[i]-xVC[i-1])*(y_N[j+1]-y_N[j]);

596

597 R_v[i][j]=(1/ vVC)*(-(me*ve -mw*vw+mn*vn -ms*vs)+mu

*(( vel_Y[i+1][j]-vel_Y[i][j])*Ae/dEP -( vel_Y[i][

j]-vel_Y[i-1][j])*Aw/dPW +( vel_Y[i][j+1]- vel_Y[

i][j])*An/dNP -( vel_Y[i][j]-vel_Y[i][j-1])*As/

dPS));

598 }

599 else {

600 R_v[i][j]=0;

601 }

602 }

603 }

604 }

605

606 void interm_vel(double delta_t , vector <vector <double > > &vel_p , vector <vector <

double > > &vel , vector <vector <double > > &R, vector <vector <double > > &R_PRE)

607 {

608 int i, j;

609 for (i=0; i<N+2; i++){

610 for (j=0; j<M+2; j++){
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611 vel_p[i][j] = vel[i][j]+( delta_t/rho)*(1.5*R[i][j] -0.5*

R_PRE[i][j]);

612 //vel_p[i][j] = vel[i][j]+( delta_t/rho)*R[i][j];

613 }

614 }

615 }

616

617 void resolution(double delta_t , vector <double > &x_N , vector <double > &xVC , vector <

double > &y_N , vector <double > &yVC , vector <vector <double > > &press , double delta

, vector <vector <double > > &vP_u , vector <vector <double > > &vP_v)

618 {

619 vector <vector <double > > press_est(N+2,vector <double >(M+2));

620 double error;

621 int i, j;

622

623

624 double dpe , dpw , dpn , dps;

625 double Ae, Aw, An, As;

626 double aE, aW, aN, aS, aP, bP;

627

628 // ------------ GAUSS -SEIDEL solver ------------ //

629 error =1000;

630 while (error >delta){

631

632 update(press , press_est);

633 // Internal nodes

634 for(i=1; i<N+1; i++){

635 for (j=1; j<M+1; j++){

636

637 dpe = x_N[i+1]-x_N[i]; dpw = x_N[i]-x_N[i

-1];

638 dpn = y_N[j+1]-y_N[j]; dps = y_N[j]-y_N[j

-1];

639 Ae = yVC[j]-yVC[j-1]; Aw = Ae;

640 An = xVC[i]-xVC[i-1]; As = An;

641

642 aE = Ae/dpe; aW = Aw/

dpw;

643 aN = An/dpn; aS = As/

dps;

644 aP = aE + aN + aS + aW;

645 bP = (-rho/delta_t)*(vP_u[i][j]*Ae - vP_u[i-1][j]*

Aw + vP_v[i][j]*An - vP_v[i][j-1]*As);

646

647 press[i][j] = (press_est[i+1][j]*aE+press_est[i

-1][j]*aW+press_est[i][j+1]*aN+press_est[i][j

-1]*aS+bP)/aP;

648 }

649 }

650 // Upper and Lower nodes

651 for (i=1; i<N+1; i++){

652 press[i][0] = press[i][1];

653 press[i][M+1] = press[i][M];

654 }

655 // Right and left nodes

656 for (j=1; j<M+1; j++){

657 press [0][j] = press [1][j];

658 press[N+1][j] = press[N][j];

659 }

660 // Corner nodes

661 press [0][0] = press [1][1]; press [0][M+1] = press [1][M

];
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662 press[N+1][M+1] = press[N][M]; press[N+1][0] = press[N

][1];

663

664 // Convergence analysis

665 maximum(press , press_est , error);

666

667 }

668 }

669

670 void maximum(vector <vector <double > > &press , vector <vector <double > > &press_est ,

double& error)

671 {

672 int i,j;

673 double dif;

674

675 error =0;

676 for(i=0; i<N+2; i++){

677 for (j=0; j<M+2; j++){

678 dif = abs(press[i][j]-press_est[i][j]);

679 if(dif >error){

680 error=dif;

681 }

682 else{

683 error=error;

684 }

685 }

686 }

687 }

688

689 void next_vel_u(vector <double > &x_N , double delta_t , vector <vector <double > > &

vnext_u , vector <vector <double > > &press , vector <vector <double > > &vP_u)

690 {

691 int i, j;

692 double dpe;

693

694 for (i=0; i<N+2; i++){

695 for (j=0; j<M+2; j++){

696 if(i>0 && i<N && j>1 && j<M){

697 dpe = x_N[i+1]-x_N[i];

698 vnext_u[i][j] = vP_u[i][j]-(delta_t/rho)*(( press[i

+1][j]-press[i][j])/dpe);

699 }

700 else {

701 vnext_u[i][j] = vP_u[i][j];

702 }

703 }

704 }

705 }

706

707 void next_vel_v(vector <double > &y_N , double delta_t , vector <vector <double > > &

vnext_v , vector <vector <double > > &press , vector <vector <double > > &vP_v)

708 {

709 int i,j;

710 double dpn;

711

712 for (i=0; i<N+2; i++){

713 for(j=0; j<M+2; j++){

714 if(i>1 && i<N && j>0 && j<M){

715 dpn = y_N[j+1]-y_N[j];

716 vnext_v[i][j] = vP_v[i][j]-(delta_t/rho)*(( press[i

][j+1]-press[i][j])/dpn);

717 }

718 else{

54



ANNEX D. LID DRIVEN CAVITY CODE

719 vnext_v[i][j] = vP_v[i][j];

720 }

721 }

722 }

723 }

724

725 void min_time(double delta_X , double delta_Y , double& delta_t , vector <vector <

double > > &vnext_u , vector <vector <double > > &vnext_v)

726 {

727 double t_cX , t_cY , t_dX , t_dY , v_modul;

728 int i,j;

729

730 delta_t =999999;

731

732 for(i=1; i<=N-1; i++){

733 for(j=1; j<=M-1; j++){

734 v_modul=sqrt(pow(vnext_u[i][j],2)+pow(vnext_v[i][j],2));

735 t_cX =0.35* delta_X/v_modul;

736 t_cY =0.35* delta_Y/v_modul;

737 t_dX =0.2* pow(delta_X , 2)*rho/mu;

738 t_dY =0.2* pow(delta_Y , 2)*rho/mu;

739 if (t_cX <delta_t){

740 delta_t = t_cX;

741 }

742 else{

743 delta_t = delta_t;

744 }

745 if (t_cY <delta_t){

746 delta_t = t_cY;

747 }

748 else {

749 delta_t = delta_t;

750 }

751 if (t_dX <delta_t){

752 delta_t = t_dX;

753 }

754 else {

755 delta_t = delta_t;

756 }

757 if (t_dY <delta_t){

758 delta_t = t_dY;

759 }

760 else {

761 delta_t = delta_t;

762 }

763 }

764 }

765 }

55



Study for the computational resolution of conservation
equations of mass, momentum and energy.
Numerical analysis and turbulence models

Annex E

Differential Heated Cavity code

1 // -----------------------------------------------------------//

2 // //

3 // Study for the computational resolution of //

4 // conservation equations of mass , momentum and energy //

5 // Numerical analysis and turbulence models //

6 // //

7 // -----------------------------------------------------------//

8 // Author: Gerard Toset Alonso //

9 // Date: June , 2023 //

10 // Code: Chapter 5 - FSM - Differential Heated Cavity //

11 // -----------------------------------------------------------//

12 // GENERAL DESCRIPTION //

13 // - SOLVER : Gauss -Seidel //

14 // - Transient regime //

15 // - 2D spatial discretization - Cell -centered nodes //

16 // - CDS //

17 // -----------------------------------------------------------//

18

19 #include <iostream >

20 #include <math.h>

21 #include <cmath >

22 #include <fstream >

23 #include <ctime >

24 #include <vector >

25 using namespace std;

26

27 // -----------------------------------------------------------//

28 // ------------------ Constant definitions ----------------- //

29 const double L=1;

30 const double H=1;

31 const double W=1;

32 const double rho=1;

33 const double mu=1;

34 const double uref =0;

35

36 const int N=50; // Number of CVs in X direction

37 const int M=50; // Number of CVs in Y direction

38 const int nmax = N+2;

39 const int mmax = M+2;

40 double delta =1e-6; // Convergence parameter

41 double delta_t =0.01; // Time step

42

43 const double g = 1;
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44 const double beta = 1000; // Baromethric expansion coefficient. Used to change

Rayleigh

45 const double T0 = 1; // Hot temperature

46 const double T_var = 1; // Temperature variation from Hot wall to Cold wall

47 const double cp = 1;

48 const double lambda = 1;

49

50 // -----------------------------------------------------------//

51 // ----------------- Functions definition ------------------ //

52 void mesh_generation(vector <double > &x_N , vector <double > &xVC , vector <double > &y_N

, vector <double > &yVC , double& delta_X , double& delta_Y);

53 void initial_vel_map(vector <vector <double > > &u0, vector <vector <double > > &v0);

54 void press_map(vector <vector <double > > &press);

55 void temp_map(vector <vector <double > > &temp);

56 void update(vector <vector <double > > &mat1 , vector <vector <double > > &mat2);

57 void R_vel_u(vector <double > &x_N , vector <double > &xVC , vector <double > &y_N , vector

<double > &yVC , vector <vector <double > > &R_u , vector <vector <double > > &vel_X ,

vector <vector <double > > &vel_Y);

58 void R_vel_v(vector <vector <double > > &temp_PRE , vector <double > &x_N , vector <double

> &xVC , vector <double > &y_N , vector <double > &yVC , vector <vector <double > > &R_v ,

vector <vector <double > > &vel_X , vector <vector <double > > &vel_Y);

59 void R_initial(vector <vector <double > > &R_u , vector <vector <double > > &R_v);

60 void interm_vel(double delta_t , vector <vector <double > > &vel_p , vector <vector <

double > > &vel , vector <vector <double > > &R, vector <vector <double > > &R_PRE);

61 void resolution(double delta_t , vector <double > &x_N , vector <double > &xVC , vector <

double > &y_N , vector <double > &yVC , vector <vector <double > > &press , double delta

, vector <vector <double > > &vP_u , vector <vector <double > > &vP_v);

62 void resolution_temp(double delta_t , vector <double > &x_N , vector <double > &xVC ,

vector <double > &y_N , vector <double > &yVC , vector <vector <double > > &temp_PRE ,

vector <vector <double > > &temp , double delta , vector <vector <double > > &vnext_u ,

vector <vector <double > > &vnext_v);

63 void maximum(vector <vector <double > > &press , vector <vector <double > > &press_est ,

double& error);

64 void next_vel_u(vector <double > &x_N , double delta_t , vector <vector <double > > &

vnext_u , vector <vector <double > > &press , vector <vector <double > > &vP_u);

65 void next_vel_v(vector <double > &y_N , double delta_t , vector <vector <double > > &

vnext_v , vector <vector <double > > &press , vector <vector <double > > &vP_v);

66 void min_time(double delta_X , double delta_Y , double& delta_t , vector <vector <

double > > &vnext_u , vector <vector <double > > &vnext_v);

67

68 ofstream outg ("g_DHC_C_10_3.txt");

69 ofstream outu ("u_DHC_C_10_3.txt");

70 ofstream outv ("v_DHC_C_10_3.txt");

71 ofstream outp ("p_DHC_C_10_3.txt");

72 ofstream outt ("t_DHC_C_10_3.txt");

73

74 // -----------------------------------------------------------//

75 // -------------------------- MAIN ------------------------- //

76 int main (){

77

78 // -------------------------------------------------------//

79 // I - DATA INPUT:

80 // -------------------- NUMERICAL ---------------------- //

81 double delta_X , delta_Y;

82 double t, error_s;

83 int i,j;

84

85 // -------------------------------------------------------//

86 // II - PREVIOUS CALCULATIONS AND VECTOR DEFINITIONS:

87 // ---------------------- VECTORS ---------------------- //

88 // Geometry

89 vector <double > xVC(M+2), yVC(M+2), x_N(N+2), y_N(N+2);

90 // Initial velocity map
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91 vector <vector <double > > u0(N+2,vector <double >(M+2)), v0(N+2,vector <double

>(M+2));

92 // Velocity for t=n

93 vector <vector <double > > vel_X(N+2,vector <double >(M+2)), vel_Y(N+2,vector <

double >(M+2));

94 // Velocity for t=n-1

95 vector <vector <double > > vel_X_PRE(N+2,vector <double >(M+2)), vel_Y_PRE(N+2,

vector <double >(M+2));

96 // Velocity for t=n+1

97 vector <vector <double > > vnext_u(N+2,vector <double >(M+2)), vnext_v(N+2,

vector <double >(M+2));

98 // Intermediate velocity - Predictor velocity

99 vector <vector <double > > vP_u(N+2,vector <double >(M+2)), vP_v(N+2,vector <

double >(M+2));

100 // Pressure map for t=n+1

101 vector <vector <double > > press(N+2,vector <double >(M+2));

102 // Pressure map for t=n

103 vector <vector <double > > press_PRE(N+2,vector <double >(M+2));

104 // Temperature map for t=n+1

105 vector <vector <double > > temp(N+2,vector <double >(M+2));

106 // Temperature map for t=n

107 vector <vector <double > > temp_PRE(N+2,vector <double >(M+2));

108 // R for u and v, and t=n and t=n-1

109 vector <vector <double > > R_u(N+2,vector <double >(M+2)), R_u_PRE(N+2,vector <

double >(M+2)), R_v(N+2,vector <double >(M+2)), R_v_PRE(N+2,vector <double

>(M+2));

110

111 // ----------------- PREVIOUS CALCULATIONS ------------------ //

112 // Mesh generation

113 mesh_generation(x_N , xVC , y_N , yVC , delta_X , delta_Y);

114 // Initial velocity and pressure maps

115 initial_vel_map(u0, v0);

116 press_map(press);

117 // Initial temperature map

118 temp_map(temp);

119 // Initially , R(u for t=n-1) = 0 and R(v for t=n-1) = 0.

120 R_initial(R_u_PRE , R_v_PRE);

121

122 // -----------------------------------------------------------//

123 // Data update for t=n and t=n-1

124 update(u0, vel_X);

125 update(u0, vel_X_PRE);

126 update(v0, vel_Y);

127 update(v0, vel_Y_PRE);

128 update(press , press_PRE);

129 update(temp , temp_PRE);

130

131 // -----------------------------------------------------------//

132 // TIME -CONVERGENCE STARTING POINT

133 // -----------------------------------------------------------//

134 t=0;

135 error_s =99999;

136 //

137 while (error_s >0.00001){

138 // CFL condition for time step

139 min_time(delta_X , delta_Y , delta_t , vnext_u , vnext_v);

140 t=t+delta_t;

141 // delta_t = 0.0001;

142

143 // R(u for t=n) and R(v for t=n) evaluation

144 R_vel_u(x_N , xVC , y_N , yVC , R_u , vel_X , vel_Y);

145 R_vel_v(temp_PRE , x_N , xVC , y_N , yVC , R_v , vel_X , vel_Y);

146
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147 // Intermediate velocity evaluation with real velocity for t=n and

R for t=n and t=n-1

148 interm_vel(delta_t , vP_u , vel_X , R_u , R_u_PRE);

149 interm_vel(delta_t , vP_v , vel_Y , R_v , R_v_PRE);

150

151 // Pressure solver: Gauss -Seidel node -by-node

152 resolution(delta_t , x_N , xVC , y_N , yVC , press , delta , vP_u , vP_v);

153

154 // Next velocity evaluation

155 next_vel_u(x_N , delta_t , vnext_u , press , vP_u);

156 next_vel_v(y_N , delta_t , vnext_v , press , vP_v);

157

158 // Next temperature evaluation

159 resolution_temp(delta_t , x_N , xVC , y_N , yVC , temp_PRE , temp , delta

, vnext_u , vnext_u);

160

161 // Time convergence evaluation

162 maximum(press , press_PRE , error_s);

163

164 // Data update for the next time step

165 update(vnext_u , vel_X);

166 update(vnext_v , vel_Y);

167 update(vel_X , vel_X_PRE);

168 update(vel_Y , vel_Y_PRE);

169 update(R_u , R_u_PRE);

170 update(R_v , R_v_PRE);

171 update(press , press_PRE);

172 update(temp , temp_PRE);

173

174 cout <<t<<"␣␣"<<error_s;

175 cout <<endl;

176 }

177

178 // ----------------------------------------------//

179 // --------------- OUTPUT FILES --------------- //

180 for (i=0; i<N+2; i++){

181 outg <<x_N[i]<<"\t";

182 }

183 outg <<endl;

184 for (j=0; j<M+2; j++){

185 outg <<y_N[j]<<"\t";

186 }

187 outg <<endl;

188 for(i=0; i<N+2; i++){

189 for(j=0; j<M+2; j++){

190 outu <<vnext_u[i][j]<<"\t";

191 }

192 outu <<endl;

193 }

194 for(i=0; i<N+2; i++){

195 for(j=0; j<M+2; j++){

196 outv <<vnext_v[i][j]<<"\t";

197 }

198 outv <<endl;

199 }

200 for(i=0; i<N+2; i++){

201 for(j=0; j<M+2; j++){

202 outp <<press[i][j]<<"\t";

203 }

204 outp <<endl;

205 }

206 for(i=0; i<N+2; i++){

207 for(j=0; j<M+2; j++){
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208 outt <<temp[i][j]<<"\t";

209 }

210 outt <<endl;

211 }

212 // ----------------------------------------------//

213 // ----------------------------------------------//

214 }

215

216 // ---------------------------------------------------------------------//

217 // -------------------------- MAIN FUNCTIONS ------------------------- //

218 void mesh_generation(vector <double > &x_N , vector <double > &xVC , vector <double > &y_N

, vector <double > &yVC , double& delta_X , double& delta_Y)

219 {

220 int i, j;

221 delta_X=L/N; delta_Y=H/M;

222

223 // -------- x-mesh -------- //

224 x_N [0]=0; xVC [0]=0;

225 for (i=1; i<N+1; i++){

226 x_N[i]= (i -0.5)*delta_X;

227 xVC[i]= i*delta_X;

228 }

229 x_N[N+1]=L; xVC[N+1]=0;

230

231 // -------- y-mesh -------- //

232 y_N [0]=0; yVC [0]=0;

233 for (j=1; j<M+1; j++){

234 y_N[j]= (j -0.5)*delta_Y;

235 yVC[j]= j*delta_Y;

236 }

237 y_N[M+1]=H; yVC[M+1]=0;

238 }

239

240 void initial_vel_map(vector <vector <double > > &u0, vector <vector <double > > &v0)

241 {

242 int i, j;

243 double u_inicial =0;

244 double v_inicial =0;

245

246 for (i=0; i<N+2; i++){

247 for(j=0; j<M+2; j++){

248 if(j==M and i<N+1){

249 u0[i][M] = u_inicial;

250 }

251 else {

252 u0[i][j] = u_inicial;

253 }

254 }

255 }

256

257 for (i=0; i<N+2; i++){

258 for(j=0; j<M+1; j++){

259 v0[i][j] = v_inicial;

260 }

261 v0[i][M+1] = 0;

262 }

263 }

264

265 void press_map(vector <vector <double > > &press)

266 {

267 int i,j;

268

269 // Initial arbitrary pressure
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270 for (i=0; i<N+2; i++){

271 for(j=0; j<M+2; j++){

272 press[i][j] = 0;

273 }

274 }

275 }

276

277 void temp_map(vector <vector <double > > &temp)

278 {

279 int i,j;

280

281 // Initial arbitrary temperature

282 for (i=0; i<N+2; i++){

283 for(j=0; j<M+2; j++){

284 temp[i][j] = T0;

285 }

286 }

287

288 }

289

290 void update(vector <vector <double > > &mat1 , vector <vector <double > > &mat2)

291 {

292 int i,j;

293

294 for (i=0; i<N+2; i++){

295 for (j=0; j<M+2; j++){

296 mat2[i][j] = mat1[i][j];

297 }

298 }

299 }

300

301 void R_initial(vector <vector <double > > &R_u , vector <vector <double > > &R_v)

302 {

303 int i,j;

304

305 for(i=0; i<N+2; i++ ){

306 for(j=0; j<M+2; j++){

307 R_u[i][j]=0;

308 R_v[i][j]=0;

309 }

310 }

311 }

312

313 void R_vel_u(vector <double > &x_N , vector <double > &xVC , vector <double > &y_N , vector

<double > &yVC , vector <vector <double > > &R_u , vector <vector <double > > &vel_X ,

vector <vector <double > > &vel_Y)

314 {

315 int i, j;

316 double me, mw, mn, ms; // mass fluxes

317 double ue, uw, un, us; // velocities with CDS -

UDS - QUICK

318 double Ae, Aw, An, As; // Areas

319 double dEP , dPW , dNP , dPS , vVC; // Distances

320 double fe, fw, fn, fs; // fe = 0 if me >0

321

322 double xU, xC, xD, xf; // Positions

323 double fiU , fiC , fiD; // Phi values

324 double fiC_ad , xC_ad , xf_ad; // Adimensional values

325

326 for (i=0; i<N+2; i++){

327 for(j=0; j<M+2; j++){

328 if(i>0 && i<N && j>1 && j<M){

329 Ae = yVC[j+1]-yVC[j]; Aw = Ae;
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330 An = x_N[i+1]-x_N[i]; As = An;

331

332 me = rho*( vel_X[i+1][j]+vel_X[i][j])*Ae/2;

333 mw = rho*( vel_X[i][j]+vel_X[i-1][j])*Aw/2;

334 mn = rho*( vel_Y[i][j]*( xVC[i]-x_N[i]) + vel_Y[i

+1][j]*( x_N[i+1]-xVC[i]) );

335 ms = rho*( vel_Y[i][j-1]*( xVC[i]-x_N[i]) + vel_Y[i

+1][j -1]*( x_N[i+1]-xVC[i]) );

336

337 // CDS

338 ue = ((x_N[i+1]-xVC[i])/(xVC[i+1]-xVC[i]))*(vel_X[

i+1][j]-vel_X[i][j])+vel_X[i][j];

339 uw = ((xVC[i]-x_N[i])/(xVC[i]-xVC[i-1]))*(vel_X[i

-1][j]-vel_X[i][j])+vel_X[i][j];

340 un = ((yVC[j]-y_N[j])/(y_N[j+1]-y_N[j]))*(vel_X[i

][j+1]-vel_X[i][j])+vel_X[i][j];

341 us = ((y_N[j]-yVC[j-1])/(y_N[j]-y_N[j-1]))*(vel_X[

i][j-1]- vel_X[i][j])+vel_X[i][j];

342

343 dEP = xVC[i+1]-xVC[i]; dPW = xVC[

i]-xVC[i-1];

344 dNP = y_N[j+1]-y_N[j]; dPS = y_N[

j]-y_N[j-1];

345 vVC = (yVC[j]-yVC[j-1])*(x_N[i+1]-x_N[i]);

346

347 R_u[i][j]=(1/ vVC)*(-(me*ue -mw*uw+mn*un -ms*us)+mu

*(( vel_X[i+1][j]-vel_X[i][j])*Ae/dEP -( vel_X[i][

j]-vel_X[i-1][j])*Aw/dPW +( vel_X[i][j+1]- vel_X[

i][j])*An/dNP -( vel_X[i][j]-vel_X[i][j-1])*As/

dPS));

348 }

349 else{

350 R_u[i][j]=0;

351 }

352 }

353 }

354 }

355

356 void R_vel_v(vector <vector <double > > &temp_PRE , vector <double > &x_N , vector <double

> &xVC , vector <double > &y_N , vector <double > &yVC , vector <vector <double > > &R_v ,

vector <vector <double > > &vel_X , vector <vector <double > > &vel_Y)

357 {

358 int i, j;

359 double me, mw, mn, ms; // mass fluxes

360 double ve, vw, vn, vs; // velocities with CDS -

UDS - QUICK

361 double Ae, Aw, An, As; // Areas

362 double dEP , dPW , dNP , dPS , vVC; // Distances

363 double fe, fw, fn, fs;

364

365 double xU, xC, xD, xf; // Positions

366 double fiU , fiC , fiD; // Phi values

367 double fiC_ad , xC_ad , xf_ad; // Adimensional values

368

369 for (i=0; i<N+2; i++){

370 for(j=0; j<M+2; j++){

371 if(i>1 && i<N && j>0 && j<M){

372 Ae = y_N[j+1]-y_N[j]; Aw = Ae;

373 An = xVC[i]-xVC[i-1]; As = An;

374

375 me = rho*( vel_X[i][j]*( yVC[j]-y_N[j])+vel_X[i][j

+1]*( y_N[j+1]-yVC[j]));
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376 mw = rho*( vel_X[i-1][j]*( yVC[j]-y_N[j])+vel_X[i

-1][j+1]*( y_N[j+1]-yVC[j]));

377 mn = rho*( vel_Y[i][j]+vel_Y[i][j+1])*An/2;

378 ms = rho*( vel_Y[i][j-1]+ vel_Y[i][j])*As/2;

379

380 // CDS

381 ve = ((xVC[i]-x_N[i])/(x_N[i+1]-x_N[i]))*(vel_Y[i

+1][j]-vel_Y[i][j])+vel_Y[i][j];

382 vw = ((x_N[i]-xVC[i-1])/(x_N[i]-x_N[i-1]))*(vel_Y[

i-1][j]-vel_Y[i][j])+vel_Y[i][j];

383 vn = ((y_N[j+1]-yVC[j])/(yVC[j+1]-yVC[j]))*(vel_Y[

i][j+1]- vel_Y[i][j])+vel_Y[i][j];

384 vs = ((yVC[j]-y_N[j])/(yVC[j]-yVC[j-1]))*(vel_Y[i

][j-1]-vel_Y[i][j])+vel_Y[i][j];

385

386 dEP = x_N[i+1]-x_N[i]; dPW = x_N[

i]-x_N[i-1];

387 dNP = yVC[j+1]-yVC[j]; dPS = yVC[

j]-yVC[j-1];

388 vVC = (xVC[i]-xVC[i-1])*(y_N[j+1]-y_N[j]);

389

390 R_v[i][j]= -g*(1-beta*( temp_PRE[i][j] - T0)) + (1/

vVC)*( -(me*ve -mw*vw+mn*vn -ms*vs)+mu*(( vel_Y[i

+1][j]-vel_Y[i][j])*Ae/dEP -(vel_Y[i][j]-vel_Y[i

-1][j])*Aw/dPW +(vel_Y[i][j+1]-vel_Y[i][j])*An/

dNP -(vel_Y[i][j]-vel_Y[i][j-1])*As/dPS));

391 }

392 else {

393 R_v[i][j]=0;

394 }

395 }

396 }

397 }

398

399 void interm_vel(double delta_t , vector <vector <double > > &vel_p , vector <vector <

double > > &vel , vector <vector <double > > &R, vector <vector <double > > &R_PRE)

400 {

401 int i, j;

402 for (i=0; i<N+2; i++){

403 for (j=0; j<M+2; j++){

404 //vel_p[i][j] = vel[i][j]+( delta_t/rho)*(1.5*R[i][j]-0.5*

R_PRE[i][j]);

405 vel_p[i][j] = vel[i][j]+( delta_t/rho)*R[i][j];

406 }

407 }

408 }

409

410 void resolution(double delta_t , vector <double > &x_N , vector <double > &xVC , vector <

double > &y_N , vector <double > &yVC , vector <vector <double > > &press , double delta

, vector <vector <double > > &vP_u , vector <vector <double > > &vP_v)

411 {

412 vector <vector <double > > press_est(N+2,vector <double >(M+2));

413 double error;

414 int i, j;

415

416

417 double dpe , dpw , dpn , dps;

418 double Ae, Aw, An, As;

419 double aE, aW, aN, aS, aP, bP;

420

421 // ------------ GAUSS -SEIDEL solver ------------ //

422 error =1000;

423 while (error >delta){
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424

425 update(press , press_est);

426 // Internal nodes

427 for(i=1; i<N+1; i++){

428 for (j=1; j<M+1; j++){

429

430 dpe = x_N[i+1]-x_N[i]; dpw = x_N[i]-x_N[i

-1];

431 dpn = y_N[j+1]-y_N[j]; dps = y_N[j]-y_N[j

-1];

432 Ae = yVC[j]-yVC[j-1]; Aw = Ae;

433 An = xVC[i]-xVC[i-1]; As = An;

434

435 aE = Ae/dpe; aW = Aw/

dpw;

436 aN = An/dpn; aS = As/

dps;

437 aP = aE + aN + aS + aW;

438 bP = (-rho/delta_t)*(vP_u[i][j]*Ae - vP_u[i-1][j]*

Aw + vP_v[i][j]*An - vP_v[i][j-1]*As);

439

440 press[i][j] = (press_est[i+1][j]*aE+press_est[i

-1][j]*aW+press_est[i][j+1]*aN+press_est[i][j

-1]*aS+bP)/aP;

441 }

442 }

443 // Upper and Lower nodes

444 for (i=1; i<N+1; i++){

445 press[i][0] = press[i][1];

446 press[i][M+1] = press[i][M];

447 }

448 // Right and left nodes

449 for (j=1; j<M+1; j++){

450 press [0][j] = press [1][j];

451 press[N+1][j] = press[N][j];

452 }

453 // Corner nodes

454 press [0][0] = press [1][1]; press [0][M+1] = press [1][M

];

455 press[N+1][M+1] = press[N][M]; press[N+1][0] = press[N

][1];

456

457 // Convergence analysis

458 maximum(press , press_est , error);

459

460 }

461 }

462

463 void resolution_temp(double delta_t , vector <double > &x_N , vector <double > &xVC ,

vector <double > &y_N , vector <double > &yVC , vector <vector <double > > &temp_PRE ,

vector <vector <double > > &temp , double delta , vector <vector <double > > &vnext_u ,

vector <vector <double > > &vnext_v)

464 {

465 vector <vector <double > > temp_est(N+2,vector <double >(M+2));

466 double error;

467 int i, j;

468

469

470 double dpe , dpw , dpn , dps;

471 double me, mw, mn, ms;

472 double fe, fw, fn, fs;

473 double Ae, Aw, An, As;

474 double aE, aW, aN, aS, aP, bP;
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475

476 // ------------ GAUSS -SEIDEL solver ------------ //

477 error =1000;

478 while (error >delta){

479

480 update(temp , temp_est);

481 // Internal nodes

482 for(i=1; i<N+1; i++){

483 for (j=1; j<M+1; j++){

484

485 dpe = x_N[i+1]-x_N[i]; dpw = x_N[i]-x_N[i

-1];

486 dpn = y_N[j+1]-y_N[j]; dps = y_N[j]-y_N[j

-1];

487 Ae = yVC[j]-yVC[j-1]; Aw = Ae;

488 An = xVC[i]-xVC[i-1]; As = An;

489

490 me = vnext_u[i+1][j]*Ae*rho; mw = -vnext_u[i][j

]*Aw*rho;

491 mn = vnext_v[i][j+1]*An*rho; ms = -vnext_v[i][j

]*As*rho;

492

493 fe =0.5; fw =0.5; fn=0.5; fs=0.5;

494

495 aE = Ae/dpe - me*fe; aW = Aw/dpw - mw*

fw;

496 aN = An/dpn - mn*fn; aS = As/dps - ms*

fs;

497 aP = aE + aN + aS + aW + rho*dpe*dpn/delta_t;

498 bP = (rho*dpe*dpn/delta_t)*temp_PRE[i][j];

499

500 temp[i][j] = (temp_est[i+1][j]*aE+temp_est[i-1][j

]*aW+temp_est[i][j+1]*aN+temp_est[i][j-1]*aS+bP

)/aP;

501 }

502 }

503 // Upper and Lower nodes

504 for (i=1; i<N+1; i++){

505 temp[i][0] = temp[i][1];

506 temp[i][M+1] = temp[i][M];

507 }

508 // Right and left nodes

509 for (j=1; j<M+1; j++){

510 temp [0][j] = T0;

511 temp[N+1][j] = T0-T_var;

512 }

513 // Corner nodes

514 temp [0][0] = temp [1][1]; temp [0][M+1] = temp [1][M];

515 temp[N+1][M+1] = temp[N][M]; temp[N+1][0] = temp[N][1];

516

517 // Convergence analysis

518 maximum(temp , temp_est , error);

519

520

521 }

522 }

523

524 void maximum(vector <vector <double > > &press , vector <vector <double > > &press_est ,

double& error)

525 {

526 int i,j;

527 double dif;
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528

529 error =0;

530 for(i=0; i<N+2; i++){

531 for (j=0; j<M+2; j++){

532 dif = abs(press[i][j]-press_est[i][j]);

533 if(dif >error){

534 error=dif;

535 }

536 else{

537 error=error;

538 }

539 }

540 }

541 }

542

543 void next_vel_u(vector <double > &x_N , double delta_t , vector <vector <double > > &

vnext_u , vector <vector <double > > &press , vector <vector <double > > &vP_u)

544 {

545 int i, j;

546 double dpe;

547

548 for (i=0; i<N+2; i++){

549 for (j=0; j<M+2; j++){

550 if(i>0 && i<N && j>1 && j<M){

551 dpe = x_N[i+1]-x_N[i];

552 vnext_u[i][j] = vP_u[i][j]-(delta_t/rho)*(( press[i

+1][j]-press[i][j])/dpe);

553 }

554 else {

555 vnext_u[i][j] = vP_u[i][j];

556 }

557 }

558 }

559 }

560

561 void next_vel_v(vector <double > &y_N , double delta_t , vector <vector <double > > &

vnext_v , vector <vector <double > > &press , vector <vector <double > > &vP_v)

562 {

563 int i,j;

564 double dpn;

565

566 for (i=0; i<N+2; i++){

567 for(j=0; j<M+2; j++){

568 if(i>1 && i<N && j>0 && j<M){

569 dpn = y_N[j+1]-y_N[j];

570 vnext_v[i][j] = vP_v[i][j]-(delta_t/rho)*(( press[i

][j+1]-press[i][j])/dpn);

571 }

572 else{

573 vnext_v[i][j] = vP_v[i][j];

574 }

575 }

576 }

577 }

578

579 void min_time(double delta_X , double delta_Y , double& delta_t , vector <vector <

double > > &vnext_u , vector <vector <double > > &vnext_v)

580 {

581 double t_cX , t_cY , t_dX , t_dY , t_TX , t_TY , v_modul;

582 int i,j;

583

584 delta_t =999999;

585
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586 for(i=1; i<=N-1; i++){

587 for(j=1; j<=M-1; j++){

588 v_modul=sqrt(pow(vnext_u[i][j],2)+pow(vnext_v[i][j],2));

589 t_cX =0.35* delta_X/v_modul;

590 t_cY =0.35* delta_Y/v_modul;

591 t_dX =0.2* pow(delta_X , 2)*rho/mu;

592 t_dY =0.2* pow(delta_Y , 2)*rho/mu;

593 t_TX =0.2* pow(delta_X ,2)/( lambda /(rho*cp));

594 t_TY =0.2* pow(delta_Y ,2)/( lambda /(rho*cp));

595 if (t_cX <delta_t){

596 delta_t = t_cX;

597 }

598 else{

599 delta_t = delta_t;

600 }

601 if (t_cY <delta_t){

602 delta_t = t_cY;

603 }

604 else {

605 delta_t = delta_t;

606 }

607 if (t_dX <delta_t){

608 delta_t = t_dX;

609 }

610 else {

611 delta_t = delta_t;

612 }

613 if (t_dY <delta_t){

614 delta_t = t_dY;

615 }

616 else {

617 delta_t = delta_t;

618 }

619 if (t_TX <delta_t){

620 delta_t = t_TX;

621 }

622 else {

623 delta_t = delta_t;

624 }

625 if (t_TY <delta_t){

626 delta_t = t_TY;

627 }

628 else {

629 delta_t = delta_t;

630 }

631 }

632 }

633 }
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Study for the computational resolution of conservation
equations of mass, momentum and energy.
Numerical analysis and turbulence models

Annex F

Square Cylinder code

NOTE: This code is the same used to solve the Flow between Parallel Plates problem and its verification

cases. By changing the solid dimensions in thexmesh and ymesh functions, these other cases can be solved.

1 // -----------------------------------------------------------//

2 // //

3 // Study for the computational resolution of //

4 // conservation equations of mass , momentum and energy //

5 // Numerical analysis and turbulence models //

6 // //

7 // -----------------------------------------------------------//

8 // Author: Gerard Toset Alonso //

9 // Date: June , 2023 //

10 // Code: Chapter 5 - FSM - Square cylinder //

11 // -----------------------------------------------------------//

12 // GENERAL DESCRIPTION //

13 // - SOLVER : Gauss -Seidel //

14 // - Transient regime //

15 // - 2D spatial discretization - Cell -centered nodes //

16 // - CDS //

17 // -----------------------------------------------------------//

18

19 #include <iostream >

20 #include <math.h>

21 #include <cmath >

22 #include <fstream >

23 #include <vector >

24 using namespace std;

25

26 // -----------------------------------------------------------//

27 // ------------------ Constant definitions ----------------- //

28 const double L = 50;

29 const double H = 8;

30 const double l = 12.5;

31 const double E = 1;

32 const double D = 1;

33 const double rho = 1;

34 const double mu = 1;

35 const double u_ref = 1;

36

37 const int N=100; // Number of CVs in X direction

38 const int M=50; // Number of CVs in Y direction

39 double delta =10e-6; // Convergence parameter
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40

41 // -----------------------------------------------------------//

42 // ----------------- Functions definition ------------------ //

43 typedef vector <double > vect;

44 typedef vector <vector <double > > mat;

45

46 void xmesh(vect &xN, vect &xVC , double &delta_X , int &imin , int &imax);

47 void ymesh(vect &yN, vect &yVC , double &delta_Y , int &jmin , int &jmax);

48 void initial_vel_map_u(mat &u, mat &up, mat &Rx, vect &yN);

49 void initial_vel_map_v(mat &v, mat &vp, mat &Ry);

50 void press_map(mat &P);

51 void velP_u(int &imin , int &imax , int &jmin , int &jmax , mat &up, mat &Rx, mat &u,

mat &v, vect &xN , vect &yN , vect &xVC , vect &yVC , double delta_t);

52 void velP_v(int &imin , int &imax , int &jmin , int &jmax , mat &vp, mat &Ry, mat &u,

mat &v, vect &xN , vect &yN , vect &xVC , vect &yVC , double delta_t);

53 void coeff_a(mat &ae, mat &aw, mat &an, mat &as, vect &xN, vect &yN, vect &xVC ,

vect &yVC);

54 void coeff_b(mat &bp, mat &up, mat &vp, vect &xN, vect &yN, vect &xVC , vect &yVC ,

double delta_t);

55 void resolution(int &imin , int &imax , int &jmin , int &jmax , mat &P, mat &ae, mat &

aw, mat &an , mat &as , mat &bp);

56 void next_vel_u(int &imin , int &imax , int &jmin , int &jmax , mat &u, mat &up, mat &

P, vect &xN, double delta_t);

57 void next_vel_v(int &imin , int &imax , int &jmin , int &jmax , mat &v, mat &vp, mat &

P, vect &yN, double delta_t);

58 void convergence(mat &P, mat &P_PRE , bool &conv);

59 void update(mat &ANT , mat &NEW);

60 void abs_vel(mat &v_abs , mat &u, mat &v);

61 void min_time(mat &v_abs , double &delta_t);

62

63 ofstream outxn("xN_R1.txt");

64 ofstream outyn("yN_R1.txt");

65 ofstream outxvc("xVC_R1.txt");

66 ofstream outyvc("yVC_R1.txt");

67 ofstream outu("u_R1.txt");

68 ofstream outv("v_R1.txt");

69 ofstream outp("P_R1.txt");

70 ofstream outvabs("v_abs_R1.txt");

71

72 // -----------------------------------------------------------//

73 // --------------------------- MAIN --------------------------//

74 int main(){

75

76 // -------------------------------------------------------//

77 // I - DATA INPUT:

78 // -------------------- NUMERICAL ---------------------- //

79 int i, j, imin , imax , jmin , jmax;

80 double delta_X , delta_Y , delta_t ,t;

81 bool conv;

82

83 // -------------------------------------------------------//

84 // II - PREVIOUS CALCULATIONS AND VECTOR DEFINITIONS:

85 // ---------------------- VECTORS ---------------------- //

86 // Geometry

87 vect xN = vect(N); vect xVC = vect(N+1);

88 vect yN = vect(M); vect yVC = vect(M+1);

89 // Pressure , velocities , predictor velocities and R(v) matrices

90 mat P = mat(N, vect(M)); mat P_PRE = mat(N, vect(M));

91 mat u = mat(N+1, vect(M)); mat v = mat(N, vect(M+1));

92 mat up = mat(N+1, vect(M)); mat vp = mat(N, vect(M+1));

93 mat Rx = mat(N+1, vect(M)); mat Ry = mat(N, vect(M+1));

94 // Discretization coefficients
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95 mat ae = mat(N, vect(M)); mat aw = mat(N, vect(M));

96 mat as = mat(N, vect(M)); mat an = mat(N, vect(M));

97 mat bp = mat(N, vect(M));

98 // CV areas

99 mat aE = mat(N, vect(M)); mat aW = mat(N, vect(M));

100 mat aS = mat(N, vect(M)); mat aN = mat(N, vect(M));

101 // Absolute velocity matrix

102 mat v_abs = mat(N, vect(M));

103

104 // ----------------- PREVIOUS CALCULATIONS ------------------ //

105 // Mesh generation

106 xmesh(xN , xVC , delta_X , imin , imax);

107 ymesh(yN , yVC , delta_Y , jmin , jmax);

108

109 cout <<imin <<"␣"<<imax <<"␣"<<jmin <<"␣"<<jmax <<endl;

110 cin >>i;

111

112 // Initial velocity and pressure maps

113 initial_vel_map_u(u, up, Rx, yN);

114 initial_vel_map_v(v, vp, Ry);

115 press_map(P);

116

117 // Constant coefficient evaluation

118 coeff_a(ae , aw , an , as , xN , yN , xVC , yVC);

119

120 // -----------------------------------------------------------//

121 // TIME -CONVERGENCE STARTING POINT

122 // -----------------------------------------------------------//

123 t=0;

124 conv=false;

125

126 while (conv == false){

127

128 // CFL condition for time step

129 min_time(v_abs , delta_t);

130 t=t+delta_t;

131

132 // -----------------------------------------------------------//

133 // Data update

134 update(P_PRE , P);

135

136 // Intermediate velocity evaluation with real velocity for t=n and

R for t=n and t=n-1

137 velP_u(imin , imax , jmin , jmax , up, Rx, u, v, xN, yN, xVC , yVC ,

delta_t);

138 velP_v(imin , imax , jmin , jmax , vp, Ry, u, v, xN, yN, xVC , yVC ,

delta_t);

139

140 // bP coefficient evaluation with the new time step

141 coeff_b(bp , up , vp , xN , yN , xVC , yVC , delta_t );

142

143 // Pressure solver: Gauss -Seidel node -by-node

144 resolution(imin , imax , jmin , jmax , P, ae , aw , an , as , bp);

145

146 // Next velocity evaluation

147 next_vel_u(imin , imax , jmin , jmax , u, up , P, xN , delta_t);

148 next_vel_v(imin , imax , jmin , jmax , v, vp , P, yN , delta_t);

149

150 // Time convergence evaluation

151 convergence(P, P_PRE , conv);

152

153 // Absolute velocity computation for the new CFL delta_T value

154 abs_vel(v_abs , u, v);
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155 cout <<t<<endl;

156 }

157

158

159 // ----------------------------------------------//

160 // --------------- OUTPUT FILES --------------- //

161 for(i=0; i<N; i++){

162 outxn <<xN[i]<<"␣";

163 }

164 outxn <<endl;

165 for(i=0; i<N; i++){

166 outxn <<xN[i]<<"␣";

167 }

168 outxn <<endl;

169

170 for (j=M-1; j>=0; j--){

171 outyn <<yN[j]<<"␣";

172 }

173 outyn <<endl;

174 for (j=M-1; j>=0; j--){

175 outyn <<yN[j]<<"␣";

176 }

177 outyn <<endl;

178

179 for(i=0; i<=N; i++){

180 outxvc <<xVC[i]<<"␣";

181 }

182 outxvc <<endl;

183 for(i=0; i<=N; i++){

184 outxvc <<xVC[i]<<"␣";

185 }

186 outxvc <<endl;

187

188 for (j=M; j>=0; j--){

189 outyvc <<yVC[j]<<"␣";

190 }

191 outyvc <<endl;

192 for (j=M; j>=0; j--){

193 outyvc <<yVC[j]<<"␣";

194 }

195 outyvc <<endl;

196

197 for (j=M-1; j>=0; j--){

198 for(i=0; i<=N; i++){

199 outu <<u[i][j]<<"\t";

200 }

201 outu <<endl;

202 }

203

204 for (j=M; j>=0; j--){

205 for(i=0; i<N; i++){

206 outv <<v[i][j]<<"\t";

207 }

208 outv <<endl;

209 }

210

211 for (j=M-1; j>=0; j--){

212 for(i=0; i<N; i++){

213 outp <<P[i][j]<<"\t";

214 }

215 outp <<endl;

216 }

217
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218 for (j=M-1; j>=0; j--){

219 for(i=0; i<N; i++){

220 outvabs <<v_abs[i][j]<<"\t";

221 }

222 outvabs <<endl;

223 }

224 // ----------------------------------------------//

225 // ----------------------------------------------//

226

227 }

228

229 // ---------------------------------------------------------------------//

230 // -------------------------- MAIN FUNCTIONS ------------------------- //

231 void xmesh(vect &xN, vect &xVC , double &delta_X , int &imin , int &imax)

232 {

233 int i;

234 delta_X=L/N;

235

236 for (i=0; i<N; i++){

237 xN[i]= (i+0.5)*delta_X -l;

238 xVC[i]= (i)*delta_X -l;

239 }

240 xVC[N]=L-l;

241

242 i=0;

243 while (xN[i] <= -D/2){

244 imin=i;

245 i++;

246 }

247 i=0;

248 while (xN[i] <= D/2){

249 imax=i;

250 i++;

251 }

252

253 }

254

255 void ymesh( vect &yN, vect &yVC , double &delta_Y , int &jmin , int &jmax)

256 {

257 int j;

258 delta_Y=H/M;

259 for (j=0; j<M; j++){

260 yN[j]= (j+0.5)*delta_Y -0.5*H;

261 yVC[j]=(j)*delta_Y -0.5*H;

262 }

263 yVC[M]=0.5*H;

264

265 j=0;

266 while (yN[j] < -D/2){

267 jmin = j;

268 j++;

269 }

270 j=0;

271 while (yN[j] < D/2){

272 jmax = j;

273 j++;

274 }

275 }

276

277 void initial_vel_map_u(mat &u, mat &up, mat &Rx, vect &yN)

278 {

279 int i, j;

280 double y, h;
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281

282 for (i=0; i<=N; i++){

283 for (j=0; j<M; j++){

284

285 u[i][j]=0;

286 up[i][j]=0;

287 Rx[i][j]=0;

288

289

290 if(i==0){

291 y=yN[j]-yN[0];

292 h=yN[M-1]-yN[0];

293 u[i][j]=(-4* u_ref/(h*h))*(y*y)+(4* u_ref/h)*y;

294 }

295

296 }

297 }

298

299 }

300

301 void initial_vel_map_v(mat &v, mat &vp, mat &Ry)

302 {

303 int i,j;

304

305 for (i=0; i<N; i++){

306 for (j=0; j<=M; j++){

307 v[i][j]=0;

308 vp[i][j]=0;

309 Ry[i][j]=0;

310 }

311 }

312

313 }

314

315 void press_map(mat &P)

316 {

317 int i, j;

318

319 for (i=0; i<N; i++){

320 for (j=0; j<M; j++){

321 P[i][j]=0;

322 }

323 }

324

325 }

326

327 void velP_u(int &imin , int &imax , int &jmin , int &jmax , mat &up, mat &Rx, mat &u,

mat &v, vect &xN , vect &yN , vect &xVC , vect &yVC , double delta_t)

328 {

329 int i,j;

330 double me, mw, mn, ms;

331 double ue, uw, un, us;

332 double Ae, Aw, An, As;

333 double dEP , dWP , dNP , dSP , vVC;

334 double uE, uW, uN, uS, uP;

335

336 for (i=0; i<=N; i++){

337 for (j=0; j<M; j++){

338 if(i>0 && i<N && j>0 && j<M-1){

339 if(i>imin && i<=imax+1 && j>=jmin && j<=jmax +1){

340 // SOLID NODES

341 up[i][j]=0;

342 Rx[i][j]=0;

73



ANNEX F. SQUARE CYLINDER CODE

343 }

344 else{ // FLUID NODES

345

346 Ae=yVC[j+1]-yVC[j]; Aw=Ae;

347 An=xN[i]-xN[i-1]; As=An;

348

349 me=rho*(u[i+1][j]+u[i][j])*Ae/2;

350 mw=rho*(u[i][j]+u[i-1][j])*Aw/2;

351 mn=rho*(v[i][j+1]*( xN[i]-xVC[i])+v[i-1][j

+1]*( xVC[i]-xN[i-1]));

352 ms=rho*(v[i][j]*(xN[i]-xVC[i])+v[i-1][j]*(

xVC[i]-xN[i-1]));

353

354 ue=((xN[i]-xVC[i])/(xVC[i+1]-xVC[i]))*(u[i

+1][j]-u[i][j])+u[i][j];

355 uw=(( xVC[i]-xN[i-1])/(xVC[i]-xVC[i-1]))*(u

[i-1][j]-u[i][j])+u[i][j];

356 un=(( yVC[j+1]-yN[j])/(yN[j+1]-yN[j]))*(u[i

][j+1]-u[i][j])+u[i][j];

357 us=((yN[j]-yVC[j])/(yN[j]-yN[j-1]))*(u[i][

j-1]-u[i][j])+u[i][j];

358

359 dEP=xVC[i+1]-xVC[i]; dWP=xVC[i

]-xVC[i-1];

360 dNP=yN[j+1]-yN[j];

dSP=yN[j]-yN[j-1];

361

362 vVC=Ae*An;

363

364 uE=u[i+1][j]; uW=u[i-1][j];

365 uN=u[i][j+1]; uS=u[i][j-1];

366 uP=u[i][j];

367

368 Rx[i][j]=(1/ vVC)*(-(me*ue-mw*uw+mn*un-ms*

us)+mu*((uE-uP)*Ae/dEP -(uP-uW)*Aw/dWP+(

uN-uP)*An/dNP -(uP -uS)*As/dSP));

369 //up[i][j]=u[i][j]+( delta_t/rho)*(1.5*R

-0.5*Rx[i][j]);

370 up[i][j]=u[i][j]+( delta_t/rho)*(Rx[i][j]);

371 }

372

373 }

374 else if(i==0){

375 up[i][j] = u[i][j];

376 }

377 else if(i==N){

378 up[i][j] = up[i-1][j];

379 }

380 else {

381 up[i][j] = 0;

382 }

383

384 }

385 }

386

387 }

388

389 void velP_v(int &imin , int &imax , int &jmin , int &jmax , mat &vp, mat &Ry, mat &u,

mat &v, vect &xN , vect &yN , vect &xVC , vect &yVC , double delta_t)

390 {

391 int i,j;

392 double me, mw, mn, ms;

393 double ue, uw, un, us;
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394 double Ae, Aw, An, As;

395 double dEP , dWP , dNP , dSP , vVC;

396 double uE, uW, uN, uS, uP;

397

398 for (i=0; i<N; i++){

399 for (j=0; j<=M; j++){

400 if(i>0 && i<N-1 && j>0 && j<M){

401 if(i>=imin && i<=imax+1 && j>jmin && j<=jmax +1){

// SOLID NODES

402 vp[i][j]=0;

403 Ry[i][j]=0;

404 }

405 else{ // FLUID NODES

406

407 Ae=yN[j]-yN[j-1]; Aw=Ae;

408 An=xVC[i+1]-xVC[i]; As=An;

409

410 me=rho*(u[i+1][j]*(yN[j]-yVC[j])+u[i+1][j

-1]*( yVC[j]-yN[j-1]));

411 mw=rho*(u[i][j]*(yN[j]-yVC[j])+u[i][j-1]*(

yVC[j]-yN[j-1]));

412 mn=rho*An*(v[i][j]+v[i][j+1]) /2;

413 ms=rho*As*(v[i][j]+v[i][j-1]) /2;

414

415 ue=(( xVC[i+1]-xN[i])/(xN[i+1]-xN[i]))*(v[i

+1][j]-v[i][j])+v[i][j];

416 uw=((xN[i]-xVC[i])/(xN[i]-xN[i-1]))*(v[i

-1][j]-v[i][j])+v[i][j];

417 un=((yN[j]-yVC[j])/(yVC[j+1]-yVC[j]))*(v[i

][j+1]-v[i][j])+v[i][j];

418 us=(( yVC[j]-yN[j-1])/(yVC[j]-yVC[j-1]))*(v

[i][j-1]-v[i][j])+v[i][j];

419

420 dEP=xN[i+1]-xN[i];

dWP=xN[i]-xN[i-1];

421 dNP=yVC[j+1]-yVC[j]; dSP=yVC[j

]-yVC[j-1];

422

423 vVC=Ae*An;

424

425 uE=v[i+1][j]; uW=v[i-1][j];

426 uN=v[i][j+1]; uS=v[i][j-1];

427 uP=v[i][j];

428

429 Ry[i][j]=(1/ vVC)*(-(me*ue-mw*uw+mn*un-ms*

us)+mu*((uE-uP)*Ae/dEP -(uP-uW)*Aw/dWP+(

uN-uP)*An/dNP -(uP -uS)*As/dSP));

430 //vp[i][j]=v[i][j]+( delta_t/rho)*(1.5*R

-0.5*Ry[i][j]);

431 vp[i][j]=v[i][j]+( delta_t/rho)*(Ry[i][j]);

432 }

433 }

434 else if(i==N-1){

435 vp[i][j] = vp[i-1][j];

436 }

437 else{

438 vp[i][j] = 0;

439 }

440 }

441 }

442 }

443

444 void coeff_a(mat &ae, mat &aw, mat &an, mat &as, vect &xN, vect &yN, vect &xVC ,
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vect &yVC)

445 {

446 int i,j;

447

448 for (i=0; i<N; i++){

449 for (j=0; j<M; j++){

450 if(i<N-1){

451 ae[i][j]=( yVC[j+1]-yVC[j])/(xN[i+1]-xN[i]);

452 }

453 if(i>0){

454 aw[i][j]=( yVC[j+1]-yVC[j])/(xN[i]-xN[i-1]);

455 }

456 if(j<M-1){

457 an[i][j]=( xVC[i+1]-xVC[i])/(yN[j+1]-yN[j]);

458 }

459 if(j>0){

460 as[i][j]=( xVC[i+1]-xVC[i])/(yN[j]-yN[j-1]);

461 }

462 }

463 }

464 }

465

466 void coeff_b(mat &bp, mat &up, mat &vp, vect &xN, vect &yN, vect &xVC , vect &yVC ,

double delta_t)

467 {

468 int i, j;

469 double Ae, Aw, An, As;

470 double ue, uw, us, un;

471

472 for (i=0; i<N; i++){

473 for (j=0; j<M; j++){

474

475 Ae=yVC[j+1]-yVC[j]; Aw=Ae;

476 An=xVC[i+1]-xVC[i]; As=An;

477

478 ue=up[i+1][j]; uw=up[i][j];

479 un=vp[i][j+1]; us=vp[i][j];

480

481 bp[i][j]=(-rho/delta_t)*(ue*Ae-uw*Aw+un*An-us*As);

482 }

483 }

484

485 }

486

487 void resolution(int &imin , int &imax , int &jmin , int &jmax , mat &P, mat &ae, mat &

aw, mat &an , mat &as , mat &bp)

488 {

489 int i,j;

490 bool conv;

491 mat P_est=mat(N, vect(M));

492

493 conv=false;

494

495 while(conv== false){

496 for (i=0; i<N; i++){

497 for (j=0; j<M; j++){

498 double aE=0; double aW=0;

499 double aN=0; double aS=0;

500 double aP=0;

501 double PE=0; double PW=0;

502 double PN=0; double PS=0;

503

504 P_est[i][j]=P[i][j];
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505 if(i!=0){

506 aW = aw[i][j];

507 PW = P[i-1][j];

508 }

509 if(i!=N-1){

510 aE = ae[i][j];

511 PE = P[i+1][j];

512 }

513 if(j!=0){

514 aS = as[i][j];

515 PS = P[i][j-1];

516 }

517 if(j!=M-1){

518 aN = an[i][j];

519 PN = P[i][j+1];

520 }

521 // SOLID WALL NODES

522 if(i==imax+1 && j>jmin && j<=jmax){

523 aW = 0;

524 }

525 if(i==imin && j>jmin && j<=jmax){

526 aE = 0;

527 }

528 if(j==jmax+1 && i>imin && i<=imax){

529 aS = 0;

530 }

531 if(j==jmin && i>imin && i<=imax){

532 aN = 0;

533 }

534 if(i==N-1){

535 P[i][j]=0;

536 }

537 else if(i>imin && i<=imax && j>jmin && j<=jmax){ // SOLID

NODES

538 P[i][j]=0;

539 }

540 else{ // FLUID NODES

541 aP =aE+aW+aN+aS;

542 P[i][j] =(aE*PE+aW*PW+aN*PN+aS*PS+bp[i][j])/aP;

543 }

544 }

545 }

546 convergence(P,P_est ,conv);

547 }

548 }

549

550 void convergence(mat &P, mat &P_PRE , bool &conv)

551 {

552 int i, j;

553 double dif , Maxdif;

554 Maxdif =0;

555 for (i=0; i<N; i++){

556 for(j=0; j<M; j++){

557 dif=abs(P[i][j]-P_PRE[i][j]);

558

559 if (dif > Maxdif){

560 Maxdif=dif;

561 }

562 else{

563 Maxdif = Maxdif;

564 }

565 }

566 }
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567 if(Maxdif < delta){

568 conv=true;

569 }

570 else{

571 conv=false;

572 }

573 }

574

575 void next_vel_u(int &imin , int &imax , int &jmin , int &jmax , mat &u, mat &up, mat &

P, vect &xN, double delta_t)

576 {

577 int i,j;

578 for (i=0; i<=N; i++){

579 for (j=0; j<M; j++){

580 if(i>0 && i<N && j>0 && j<M-1){

581 if(i>imin && i<=imax+1 && j>=jmin && j<=jmax +1){

// SOLID NODES

582 u[i][j]=0;

583 }

584 else{ // FLUID NODES

585 u[i][j]=up[i][j]-(delta_t/rho)*((P[i][j]-P

[i-1][j])/(xN[i]-xN[i-1]));

586 }

587 }

588 else if(i==0){

589 u[i][j]=u[i][j];

590 }

591 else if(i==N){

592 u[i][j]=u[i-1][j];

593 }

594 else {

595 u[i][j]=0;

596 }

597 }

598 }

599 }

600

601 void next_vel_v(int &imin , int &imax , int &jmin , int &jmax , mat &v, mat &vp, mat &

P, vect &yN, double delta_t)

602 {

603 int i,j;

604 for (i=0; i<N; i++){

605 for (j=0; j<=M; j++){

606 if(i>0 && i<N-1 && j>0 && j<M){

607 if(i>=imin && i<=imax+1 && j>jmin && j<=jmax +1){

// SOLID NODES

608 v[i][j]=0;

609 }

610 else{ // FLUID NODES

611 v[i][j]=vp[i][j]-(delta_t/rho)*((P[i][j]-P

[i][j-1])/(yN[j]-yN[j-1]));

612 }

613 }

614 else if(i==N-1){

615 v[i][j]=v[i-1][j];

616 }

617

618 else {

619 v[i][j]=0;

620 }

621 }

622 }

623 }
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624

625 void update(mat &ANT , mat &NEW)

626 {

627 int i, j;

628 for (i=0; i<N; i++){

629 for (j=0; j<M; j++){

630 ANT[i][j]=NEW[i][j];

631 }

632 }

633 }

634

635 void abs_vel(mat &v_abs , mat &u, mat &v)

636 {

637 int i, j;

638 double u_mean , v_mean;

639 for (i=0; i<N; i++){

640 for (j=0; j<M; j++){

641 u_mean =(u[i][j]+u[i+1][j])/2;

642 v_mean =(v[i][j]+v[i][j+1]) /2;

643

644 v_abs[i][j]=sqrt(pow(u_mean ,2)+pow(v_mean ,2));

645 }

646 }

647 }

648

649 void min_time(mat &v_abs , double &delta_t)

650 {

651 int i, j;

652 double delta_X ,delta_Y , t1, t2, t3, t4, tc;

653 delta_X=L/N;

654 delta_Y=H/M;

655 tc =100;

656 for (i=0; i<N; i++){

657 for (j=0; j<M; j++){

658 t1 =0.35* delta_X/v_abs[i][j];

659 t2 =0.35* delta_Y/v_abs[i][j];

660 t3=0.2* delta_X*delta_X*rho/mu;

661 t4=0.2* delta_Y*delta_Y*rho/mu;

662

663 if(t1<tc){

664 tc=t1;

665 }

666 if(t2<tc){

667 tc=t2;

668 }

669 if(t3<tc){

670 tc=t3;

671 }

672 if(t4<tc){

673 tc=t4;

674 }

675 }

676 }

677 delta_t=tc;

678 }
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Study for the computational resolution of conservation
equations of mass, momentum and energy.
Numerical analysis and turbulence models

Annex G

Burgers equation code

1 // -----------------------------------------------------------//

2 // //

3 // Study for the computational resolution of //

4 // conservation equations of mass , momentum and energy //

5 // Numerical analysis and turbulence models //

6 // //

7 // -----------------------------------------------------------//

8 // Author: Gerard Toset Alonso //

9 // Date: June , 2023 //

10 // Code: Chapter 6 - Burger ’s equation in Fourier Space //

11 // -----------------------------------------------------------//

12

13 #include <iostream >

14 #include <fstream >

15 #include <complex >

16 #include <cmath >

17 #include <math.h>

18

19 using namespace std;

20

21 // -----------------------------------------------------------//

22 // ------------------ Constant definitions ----------------- //

23 const int N = 110; // number of modes

24 const double Re = 200; // Reynolds

25 const double Ck = 0.05; // LES parameter :

KOLMOGOROV constant

26 const double m = 2; // LES parameter : SLOPE

27

28 const double delta = 1e-7; // Convergence parameter

29 const double t_final = 1e6; // Final time

30 const double C1 = 0.001; // Relaxation factor for

Delta_t

31 double delta_t = C1*Re/ pow(N,2); // Delta_t by CFL condition

32

33 const int LES = 0;

34 // Large -Eddy - Simulation . (0) No , (1) True

35

36 // -----------------------------------------------------------//

37 // ----------------- Functions definition ------------------ //

38 void initial_map (complex <double > u_nprev [2*N+1], complex <double > u_n [2*N+1]);

39 void Rn_evaluation (complex <double > R_n [2*N+1], complex <double > u_n [2*N+1]);
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40 void next_u (complex <double > u_nm1 [2*N+1], complex <double > u_n [2*N+1], double

delta_t , complex <double > R_nprev [2*N+1], complex <double > R_n [2*N+1]);

41 void convergence (complex <double > u_nm1 [2*N+1], complex <double > u_n [2*N+1], bool

& steady_conv , double delta);

42 void update (complex <double > u_nm1 [2*N+1], complex <double > u_n [2*N+1], complex <

double > R_nprev [2*N+1], complex <double > R_n [2*N+1]);

43 void Ek_evaluation (complex <double > u_nm1 [2*N+1], double Ek[N]); // Kinetic

energy calculation

44

45 ofstream outK("k_values.txt");

46 ofstream outE("kinetic_energy.txt");

47

48 // -----------------------------------------------------------//

49 // --------------------------- MAIN --------------------------//

50

51 int main(){

52

53 // -------------------------------------------------------//

54 // I - DATA INPUT:

55 // -------------------- NUMERICAL ---------------------- //

56 double t = 0;

57 bool steady_conv = 0; // Steady - state

parameter

58

59 // -------------------------------------------------------//

60 // II - COMPLEX VECTOR DEFINITIONS:

61 // ---------------------- VECTORS ---------------------- //

62 // Velocities for t=n-1, t=n and t=n+1

63 complex <double > u_nprev [2*N+1] , u_n [2*N+1] , u_nm1 [2*N+1];

64 // R for t=n and t=n-1

65 complex <double > R_nprev [2*N+1] , R_n [2*N+1];

66 // Kinetic energy vector

67 double Ek[N];

68 // ---------------------------------------------------------- //

69 // INITIALIZATION for u_k and R(u_k^n-1)

70 initial_map (u_nprev , u_n);

71 Rn_evaluation( R_nprev , u_nprev);

72

73

74 // -----------------------------------------------------------//

75 // TIME -CONVERGENCE STARTING POINT

76 // -----------------------------------------------------------//

77 t = t+delta_t;

78

79 while (t<= t_final && steady_conv == false){

80

81 // R(u for t=n) evaluation

82 Rn_evaluation( R_n , u_n);

83

84 // Next velocity evaluation

85 next_u (u_nm1 , u_n , delta_t , R_nprev , R_n);

86

87 // Time convergence evaluation

88 convergence (u_nm1 , u_n , steady_conv , delta);

89 if(steady_conv == false){

90 t = t+delta_t ;

91 update (u_nm1 , u_n , R_nprev , R_n);

92 cout <<t<<"\t"<<steady_conv <<endl;

93 }

94 }

95

96 // -------------------------------------------------------//

97 // III - FINAL CALCULATIONS:

81



ANNEX G. BURGERS EQUATION CODE

98 Ek_evaluation (u_nm1 , Ek);

99

100 // -------------------------------------------------------//

101 // IV - RESULTS TO .txt FILES:

102 for(int k=1; k<N+1; k++){

103 outK <<k<<endl;

104 }

105 for (int k = 1; k <= N; k++){

106 outE <<Ek[k-1]<<endl;

107 }

108 // -------------------------------------------------------//

109

110 }

111

112 // ---------------------------------------------------------------------//

113 // -------------------------- MAIN FUNCTIONS ------------------------- //

114 void initial_map ( complex < double > u_nprev [2*N+1] , complex < double > u_n [2*

N+1])

115 {

116 int k, k_new , q, q_new , p, p_new;

117

118 for(k=-N; k <N+1; k++){

119 k_new = k+N;

120

121 if(k == 0){

122 u_nprev[k_new] = (0,0);

123 u_n[k_new] = (0,0);

124 }

125 else{

126 u_nprev[k_new] = 1/fabs(double(k));

127 u_n[k_new] = 1/fabs(double(k));

128 }

129 }

130

131 }

132

133 void Rn_evaluation (complex <double > R_n [2*N+1], complex <double > u_n [2*N+1])

134 {

135 int k, k_new , q, q_new , p, p_new;

136 double nu_t_ast , nu_t_inf , nu_t;

137 complex <double > diff;

138 complex <double > i (0,1);

139

140 if(LES == 0){

141 for (k=-N; k<N+1; k++){

142 k_new = k+N;

143

144 diff = -pow(double(k) ,2)*u_n[k_new ]/Re;

145

146 complex <double > conv = (0,0);

147 for (q=-N; q<N+1; q++){

148 p = k-q;

149 if(p>=-N && p<=N){

150 q_new = q+N;

151 p_new = p+N;

152

153 conv = conv + u_n[q_new ]*u_n[p_new ]* double

(q)*i;

154 }

155 }

156 R_n[k_new] = diff - conv;

157 }

158 }

82



ANNEX G. BURGERS EQUATION CODE

159

160 else{ // LES == 1

161

162 for (k=-N; k<N+1; k++){

163 k_new = k+N;

164

165 if(k != 0){

166 nu_t_ast = 1+34.5* exp ( -3.03*(N/fabs(double(k))));

167 }

168 else{

169 nu_t_ast = 1;

170 }

171

172 nu_t_inf = 0.31*( (5-m)/(m+1) )*sqrt(3-m)*pow(Ck , -1.5);

173 nu_t = nu_t_inf*sqrt((abs(u_n [2*N]*conj(u_n [2*N])))/N)*

nu_t_ast;

174

175 diff = -pow(double(k) ,2)*u_n[k_new ]*(1/ Re+nu_t);

176

177 complex <double > conv = (0,0);

178 for(q=-N; q<N+1; q++){

179 p = k-q;

180 if(p>=-N && p<=N){

181 q_new = q+N;

182 p_new = p+N;

183

184 conv = conv + u_n[q_new ]*u_n[p_new ]* double

(q)*i;

185 }

186 }

187

188 R_n[k_new] = diff - conv ;

189 }

190 }

191 }

192

193 void next_u ( complex <double > u_nm1 [2*N+1], complex <double > u_n [2*N+1], double

delta_t , complex <double > R_nprev [2*N+1], complex <double > R_n [2*N+1])

194 {

195 int k, k_new;

196 for(k=-N; k<N+1; k++){

197 k_new = k+N;

198

199 if(k != -1 && k != 1){

200 u_nm1[k_new] = u_n[k_new]+ delta_t *(1.5* R_n[k_new ] -0.5*

R_nprev[k_new]);

201 }

202 else{

203 u_nm1[k_new] = u_n[k_new];

204 }

205 }

206 }

207

208 void convergence ( complex <double > u_nm1 [2*N+1], complex <double > u_n [2*N+1],

bool& steady_conv , double delta)

209 {

210 bool real_conv = 0;

211 bool imag_conv = 0;

212 int k, k_new;

213

214 double max_dif = 0;

215 double max_dif_real , max_dif_imag;

216
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217 for (k=-N; k<N+1; k++){

218 k_new = k+N;

219

220 max_dif_real = fabs( real(u_nm1[k_new ])-real(u_n[k_new ]) );

221 if(max_dif_real >= max_dif){

222 max_dif = max_dif_real;

223 }

224 }

225 if(max_dif <= delta){

226 real_conv = true;

227 }

228

229 max_dif = 0;

230 for (k=-N; k<N+1; k++){

231 k_new = k+N;

232

233 max_dif_imag = fabs( imag(u_nm1[k_new ])-imag(u_n[k_new ]) );

234 if(max_dif_imag >= max_dif){

235 max_dif = max_dif_imag;

236 }

237 }

238 if(max_dif <= delta){

239 imag_conv = true;

240 }

241

242 if(real_conv == true && imag_conv == true){

243 steady_conv = true;

244 }

245

246 //cout << deltaMax1 <<" " <<deltaMax2 << endl ;

247 }

248

249 void update ( complex <double > u_nm1 [2*N+1], complex <double > u_n [2*N+1], complex

<double > R_nprev [2*N+1], complex <double > R_n [2*N+1])

250 {

251 int k, k_new;

252 for(k=-N; k<N+1; k++){

253 k_new = k+N;

254

255 u_n[k_new] = u_nm1[k_new];

256 R_nprev[k_new] = R_n[k_new];

257 }

258 }

259

260 void Ek_evaluation ( complex <double > u_nm1 [2*N+1], double Ek[N])

261 {

262 int k, k_new;

263 for(k=1; k<N+1; k++){

264 k_new = k+N;

265

266 complex <double > A = u_nm1[k_new]*conj(u_nm1[k_new ]);

267

268 Ek[k-1] = sqrt(pow(real(A) ,2) + pow(imag(A) ,2));

269 }

270 }
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