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Abstract

This thesis deals with thexperimental simulation of the Atmospheric Boundary Lapdl) in a
wind tunnel. The main purpose of the work is to study and characterizedloity profiles by
determiningthe friction speed and roughness parameters with the most accurate methodologies
that have been presented in the scientific literature. Five different layaiitdifferent area
densityare consideredFive different methodologies are presented and studied to establish the
suitability of analytical expressions tthe experimental dataobtained. The experiment was
carried out in the wind tunnel at the premises of the aerodynamics laboratory of the National
Technical University of Athens.
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Programming
function  [results_optimized,sqp_ouputs] = SQP(y_exp, u_exp, Vvisc)
iu A3azAiEl AdbdnA3za 3A6AAGAGO AEH®R Ga31 NAEGAS
AET & £33 QR Epe GATAEGEG AGhna3A3IENAsR ARsEOA
Asepg@en Ao RERIREGE 34 Age | 3A0GE3MuskkEg AapEOA E
1a'éI;UéC‘)AI1§\GéI—UA(§AE(“}7&éq'§93 EDE@ég /Eépré,dzéééD@j,énéﬁéijhn Ege Al
3sAsAdvepaApAGOaAsREIN AEHER G@da dzuEs AOGe Ak
% Rodriguez - L6épez, Eduardo ; Bruce, Paul J. K. ; Buxton, Oliver R. H.,
A robust post - processing method to determine skin friction in
turbulent boundary layers from the velocity profile, DOI:
10.1007/s00348 - 015-1935-5
T 444444444444 4444444444444 1100Asdzgn4 444444444
% ufreestream S " A31 REABRD Gagtbada A G  Ad|el dz3
AOEa 3 3e&1 dzGewIGRT aGAEg |
%Yy_exp o o " Onil ®@AE3 A£G E3 RIH Bl & A£G
Ao ®i dzGa | ndmig AEU & |
%uep " Ohi®eAAk3; AG Ena AOAGa E3I
AGEaO0AGI & AE3 3@EOAkEPNMAEE Aviad desde AOEa3 3 el
dzGe EGa‘t adAES |
%visc 7 UneaHA3ZENAT ngudGa Ezé 302
GavoAdoasDbgza AG Ao&i dzz AOEa3 AES EnEST &ko 3J&
% delta _approximation " _00xGE3N A3 GOAgdzma | Al %o
AGaOAETI AU T Agé& H E31 REWE3X GAGRpGaHa agog dzGe
ThnadngAmme s
T A4 4444444444444 4444444444441 g06dzegnd 44444441
% results _optimized _ =un s A3ail AGEasn | GAENAEGAS
asgoa A3n H EnAd EBA AGE3] AHED A
%sqp_ouputs " §g@edzén EHA Aeé &l akEHAHA
] GaEn AE ¢ AfmidddrA Hia
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integr _steps =2; 9%10"(integr _stepsbt J 0 A3E3 Agé T aHAnAsA

3anDﬁEI—UEnAo gadoAaddal AR Ezl\éuskAraEE@a DzEBUDﬁEFUE

SA6EGAOAA3ZES GANnAODGE3ZN 3WaB N EAH GRrgAaelts D

precalculated_values=load( "./precalculated_values.mat' , 'kappa’' ,'s_inte
gr_const' );

B RN OA H Mugkér AEH 4 6 DZ 3
10 Ege &f Ase bAg tbAONMEDDIE
pGoO 3a m@@@@pqe@iculaﬁed _values AGa n Ol Gn Ef

[TIAAC & ¢TI NG T4

N¢ W) QX UU"‘ )>>(N< -
oS md B MY

[

&8 me

M

%% %% %% YN 1 1 1 O dzG i d&h AVBSE a 0 FBbHo%B6%H86% %% %% %

1 U Aeea®l aEHAH A£G Edge EatAg Agé GO&®3n gan
AagAGn EOxpe &3 AAsaGO &3 EaAOQGNH g Aldzm A3

A3E3T UarAHa AGE3] AHEU® GnAt dzwe Ol sea& GeE
AGnasA3EnAl AGE Agse dzoAn/Al ADHAI® 8G3KA3E

EavoAsAsOHIAHL Eg Aat DA 3 AL3 RECHBHATON &3 Az
%%%xsterlund A Gn & 3 £3 E n 9810858 R6%%
% visc =1.4576 e- 05;
% ufreestream=21.4;

% y_exp =[0.07884, 0.10424, 0.13790, 0.17441, 0.22235, 0.27855,
0.35094, 0.43603, 0.54080, 0.67098, 0.83163, 1.02562, 1.26724,
1.55744,1.92097, 2.35817, 2.89887, 3.56149, 4.37270, 5.36489,
6.58345, 8.07760, 9.90893, 12.15270, 14.90065, 18.26932, 22.39903
27.46124, 33.66803, 41.27309, 50.59359, 62.01975, 76.02432, 93.19023,
114.23122, 140.02453];

% u_exp = [3.08438, 3.87503, 4.79327, 5.84115, 6.76529, 7.61486,

8.39634, 9.00168, 9.58917, 10.11600, 10.48699, 10.90896, 11.27841,

11.62745, 12.00624, 12.30744, 12.78857, 13.13549, 13.55416, 13.92195,
14.29471, 14.71768, 15.12935, 15.58713, 15.97442, 16.5 0758, 17.01912,
17.63209, 18.30386, 19.07177, 19.92621, 20.74109, 21.31995, 21.43755,
21.43103, 21.41052];
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986 Osterlund AGna3z A3SEnAY AGE 37yntsfy* 411
% visc=1.44051e -05;
% ufreestream=53.7;

% y_exp =[4.08068E -02,5.82699E -02, 7.95420E -02, 1.07164E -01,
1.38917E-01, 1.79867E -01, 2.30678E -01, 2.92268E -01, 3.68788E -01,
4.58959E-01, 5.75159E -01, 7.15180E -01, 8.90121E -01, 1.11083E+00,
1.36983E+00, 1.69883E+00, 2.10144E+00, 2.59824E+00, 3.20974E+00,
3.96414E+00, 4.89545E+00, 6.03995E+00, 7.45506E+00, 9.19497E+ 00,
1.13444E+01, 1.39884E+01, 1.72504E+01, 2.12714E+01, 2.62314E+01,
3.23415E+01, 3.98765E+01, 4.91645E+01, 6.06126E+01, 7.47237E+01,
9.21247E+01, 1.13224E+02];

% u_exp =[10.39700555, 13.22400626, 16.34100761, 19.11100877,
21.49600876, 23.46801038, 25.07001173, 26.40701137, 27.64701163,
28.72901336, 29.81001375, 30.8390136, 31.83201515, 32.81201465,
33.91101611, 34.93101543, 36.01301524, 37.11301612, 38.18301714,
39.392 01811, 40.50801739, 41.83201882, 43.27601971, 44.87401954,
46.69602182, 48.62002251, 50.69002293, 52.60602442, 53.58702334,
53.64302348, 53.6750241, 53.72502388, 53.7180241, 53.68802423,
53.73302499, 53.68202388];

14444 OGdw AO0#3 AGhnasAsEnAue® dn3ET OGI1 &

%%% NTUA 5cm_4spires %%%
% visc = 1.608e -05;
% ufreestream=5;

%y exp=1[37,42,47,52,57,62,67,72,77,82,92,102, 112, 122,
132,142, 152, 172, 192, 212, 232, 252, 272, 292, 312, 332, 352, 372,
392, 412, 432, 452, 502, 552, 602, 652];

% u_exp =[2.99811, 3.02509, 3.05216, 3.10858, 3.12123, 3.18091,
3.18522, 3.2277, 3.2806, 3.312, 3.29339, 3.3671, 3.45751, 3.47706,
3.45539, 3.53553, 3.56409, 3.63682, 3.6476, 3.67862, 3.75335, 3.81896,

3GagA0a
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3.83783, 3.86806, 3.93366, 3.87052, 3.96921, 3.98101, 4.00239,
3.97871, 4.06358, 4.03406, 4.14466, 4.13308, 4.17614, 4.19523];
% delta _approximation =1400;

1 aalnAgAgOHAH Egé Allgéa oan3hAo
EnA0 AjZpua E¢ AadgEna AGEaO0AG

% ufriction  0=0.1776;

n R
I 7G &

D-Q

3
&®

1 53alnA6AsOHAH EHa E3TCREWEIAsDZAR

%%% NTUA 5cm_7spires %%%
% visc = 1.608e -05;
% ufreestream=4.2;

%y exp = [37, 42, 47, 52, 57, 62, 67, 72, 77, 82, 92, 102, 112, 122,
132, 142, 152, 172, 192, 212, 232, 252, 272, 292, 312, 332, 352, 372,
392, 412, 432, 452, 502, 552, 602, 652];

% u_exp = [2.11418, 2.15109, 2.18455, 2.19804, 2.21827, 2.20978,
2.25471, 2.27957, 2.28852, 2.35145, 2.34364, 2.37384, 2.42324, 2.4619,
2.43907, 2.48579, 2.5216, 2.56446, 2.63833, 2.65826, 2.76516, 2.77216,
2.83805, 2.84484, 2.90729, 2.91759, 2.94575, 2.99
3.12253, 3.1791, 3.28922, 3.42171, 3.48484, 3.65088];

% delta_approximation = 1100;

%%% NTUA 5+3cm_7spires %%%
% visc = 1.608e -05;
% ufreestream=4.2;

%y exp=[37,42,47,52,57,62,67,72,77,82,92, 102,
132,142, 152, 172, 192, 212, 232, 252, 272, 292, 312, 332, 352, 372,
392, 412, 432, 452, 502, 552, 602, 652];
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% u_exp = [1.8982, 1.8900, 1.9867, 2.0038, 2.0010, 2.0764, 2.1339,

2.1341, 2.2000, 2.1832, 2.2414, 2.3155, 2.3637, 2.3614, 2.3856,

2.4527, 2.4579, 2.4989, 2.6188, 2.6467, 2.6853, 2.7289, 2.7610,

2.8164, 2.8724, 2.9164, 2.9361, 2.9356, 3.0561, 3.0470, 3.126 7,
3.2101, 3.3059, 3.3850, 3.5187, 3.6509];

% delta_approximation = 900;

%%% NTUA 3+5cm_7spires %%%
% visc = 1.608e -05;
% ufreestream=4.2;

%y exp = [42, 47, 52, 57, 62, 67, 72, 77, 82, 92, 102, 112, 122, 132,
142, 152, 172, 192, 212, 232, 252, 272, 292, 312, 332, 352, 372, 392,
412, 432, 502, 552, 602, 652];

% u_exp = [1.9244, 1.9645, 1.9927, 2.0523, 2.0555, 2.0883, 2.1617,

2.1714, 2.1687, 2.1644, 2.2937, 2.3517, 2.3860, 2.3843, 2.4942,

2.5664, 2.5794, 2.6406, 2.6898, 2.7142, 2.7586, 2.8314, 2.8314,

2.9201, 2.9685, 2.9698, 3.0633, 3.0563, 3.0845, 3.1777, 3.180 0,
3.3383, 3.4021, 3.5074];

% delta_approximation = 950;

% %%% NTUA 3+5cm_7spires_NoTrip %%%
% visc = 1.608e -05;
% ufreestream=4.2;

%y _exp=1[37,42,47,52,57,62,67,72,77,82,92,102, 112, 122,
132,142, 152, 172, 192, 212, 232, 252, 272, 292, 312, 332, 352, 372,
392, 412, 432, 452, 502, 552, 602, 652];

% u_exp = [2.0038, 2.0381, 2.0106, 2.0640, 2.1294, 2.1427, 2.2123,
2.2524, 2.2675, 2.3428, 2.3926, 2.4773, 2.5308, 2.5617, 2.5959,
2.6358, 2.7568, 2.8049, 2.8743, 2.9014, 2.9348, 2.9842, 2.9767,
3.0823, 3.1014, 3.1603, 3.1623, 3.1733, 3.2238, 3.2900, 3.2985,
3.3721, 3.4835, 3.5655, 3.6239, 3.6239];

% delta_approximation = 1000;
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f1aalnAOa AexpdAGa
ufriction  0=u_exp( end)/25;
Delta_y0=0;
kappa0=0.4;
for n = l:length(y_exp)
if u_exp(n)>0.99 * ufreestream
delta_approximation =y_exp(n);
break ;
end
end
delta0=1.3*delta_approximation

P10=0.5;

WIEULEBGaAg3 AGE3] AHEU& J GAENAESA S OHIAHA
lower _ufriction  =0.5* ufriction O0;

lower_Delta_y= -y_exp(1)+0.001

lower_kappa=0.29;

lower_delta=0.8*delta_approximation; %In units of delta99

lower PI1=0;

{a®eUEGa3sAGBN3AHEU 2 | GAENAESAs OHIA HA
upper_ufriction=1.5*ufrictionO;

upper_Delta_y=5; %(mm)

upper_kappa=0.8;

upper_delta=8*delta_approximation;
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upper_PI=5;

optim_vars_init=[ufriction0,Delta_y0,delta0,P10,kappa0];

optim_vars_lower=[lower_ufriction,lower_Delta_y,lower_delta,lower_PI,|
ower_kappa];

optim_vars_upper=[upper_ufriction,upper_Delta_y,upper_delta,upper_Pl,u
pper_kappal;

foagAdmngsanA/fr a EHA Ae&i aEHIAHA AET A/&3Ega

function  [err] = error_function
(optim_vars,y_exp,u_exp,bsk_s,bsk_k,integr_steps,visc)

ufriction=optim_vars(1);
Delta_y=optim_vars(2);
delta=optim_vars(3);
Pl=optim_vars(4);
kappa=optim_vars(5);

s=interpl(bsk_k,bsk_s,kappa, linear' );

[~,u_plus] = canonical_profile
(kappa,s,integr_steps,(y_exp+Delta_y),ufriction,visc,delta,Pl);

uplus_exp=u_exp./ufriction;

err=mean(abs(u_plus - uplus_exp)./u_plus);
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I AR&PGAH As®s®enAsR AasEOA - OOEAO

function  [y_plus,u_plus] = canonical_profile
(kappa,s,integr_steps,y_exp,ufriction,visc,delta,Pl)

14141 O00Agdzen 11 1

_;(g I
= IR/
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WME3IPGal At AE3IpGast ghwAAATad AlHbaLl E1 & D2
3anpAHENAD papgAhadal AU EgMuskérh 6 EQBAE3 ARE
Esee EsOl gt E3I REHE3 Eanjoat ngudGat Af
At 2EGAGAEdDAa 3A0aGRAE3ZEGA

u_musker(1:length(y_exp))=0;

yd=y_ exp./delta;

bound_layer_index=find(yd<1,1, last' );

w=wake_fst(yd(1:bound_layer_index),PI);
w_inf=wake_fst(1,Pl);
{uUAdosA4ddal AU Ege AavEOA Egeée - OO0EAO

range_y_musker=0:10"( -
integr_steps):(y_exp(bound_layer_index)/1000/visc*ufriction+5);

umusk(1:length(range_y musker))=0;
for m=1:length(range_y musker) -1

slope_i=(range_y_musker(m)"2/kappa+1/s)/(range_y_musker(m)"3+rang
e_y_musker(m)*2/kappa+1/s);

umusk(m+1)=umusk(m)+slope_i*(range_y musker(m+1) -
range_y_musker(m));

end

1 aAgésDmAdp a

ML=30;

M2=2.85;
up_bump(1:length(range_y_musker))=0;

a»
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up_bump(2:length(range_y_musker))=exp( -
log(range_y_musker(2:length(range_y_musker))/M1).72)./M2;

umusk=umusk+up_bump;
y_musker=y_exp./1000./visc.*ufriction;
for m=1:bound_layer_index

u_musker(m)=interpolation_search(range_y_musker,umusk,y musker(m)
);

end

1t A3a3ATEl Aeé®i aEHAH GAnEEDd T &Gh DA 3 AANAD A3
yt 43 HEGOE 32 AHSE izEd @A A3 dzO2Gn 1 a OOQadz [EH& E
Dn3 EH® EnNAD Evdy deb BUeRAGEHIE S R OAH Age Jao®pPHAG H

function  v=interpolation_search(x,y,z)

length_x=length(x);
for i=1l:length_x
if  x(i)>z
break
end

end

x_lower=x(i -1);
x_upper=x(i);
y lower=y(i -1);
y_upper=y(i);
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v=y lower+(z -x_lower)*((y_upper -y _lower)/(x_upper -Xx_lower));

end

y_musker_inf=delta./1000./visc.*ufriction;

u_musker_inf=interpolation_search(range_y_ musker,umusk,y musker_ [

nf);
u_musker(1:bound_layer_index)=u_musker(1:bound_layer_index) +
2.*Pl./kappa.*w;
u_musker((bound_layer_index+1):end)=u_musker_inf+2.*Pl./kappa.*w_
inf;

y_plus=y_musker;
u_plus=u_musker;
%%disp(y_plus)
%%isp (u_plus)

end

end
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objective_function=@ (optim_vars)error_function
(optim_vars,y_exp,u_exp,precalculated_values.s_integr_const,precalcula
ted_values.kappa,integr_steps,visc);

[results_optimized_point, fval, flag, output, lambda, grad, hessian] =
fmincon(objective_function,

optim_vars_init, [], [], [, [], optim_vars_lower, optim_vars_upper,

[,

optimoptions(  ‘fmincon’ , ‘Algorithm' , 'sqp' , 'Diagnostics' , 'off
'DiffMaxChange' , Inf, 'DiffMinChange' ,0, ‘'Display’ , 'off'
'FinDiffRelStep’ , eps™(1/3), 'FinDiffType' , 'central’ , 'GradObj' |,
'off

'‘MaxFunEvals' , 1000, ‘Maxlter’ , 1000, 'PlotFcns’ , @optimplotfval,
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'TolCon' , 1e -6, 'TolFun' ,1e -10, 'TolX' ,1e -10, 'UseParallel ,
‘never' ));

sqp_outputs = struct( ‘fval' , fval, ‘flag" , flag, ‘output’ , output,
lambda’ , lambda, ‘grad’ ,grad, ‘hessian’ , hessian);

results_optimized.ufriction=results_optimized_point(1);
results_optimized.Delta_y=results_optimized_point(2);
results_optimized.delta=results_optimized_point(3);
results_optimized.Pl=results_optimized_point(4);
results_optimized.kappa=results_optimized_point(5);

final_s=interpl(precalculated_values.kappa,precalculated_values.s_inte
gr_const,results_optimized_point(5), linear' );

results_optimized.s=final_s;
function w=wake_fst(eta,PI)
w=(1+6.*Pl).*eta. "2 - (1+4.*Pl)*eta."3;

end

function w=wake_exp(eta,PI)

%eta=y/delta 5 3dzni AE3ZEH AGE3] AHED Hb
%Pl” 9 sA3ai £AGEasa A3 DA nE R Ak datdmeter )
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end

1aE3pcada 3t 3§ Asn 3w
a2=132.8410;

a3= 166.2041;

ad=71.9114;

% A ¢ & ¢ DnEAHEEvaie function

w=(1- exp(a2.*(eta."5)+a3.*(eta.”6)+as.*(eta.\7)
(5*a2+6*a3+7*ad).*(eta.4)./4))/(1 -exp( -
(a2+2.*a3+3.*a4)./4));

w=w.*(1 - log(eta)./2./PI);

end




