 10 Decoding measurements


10.1 Case 
A well illustrated below. Lift gas is injected into the tubing through a valve at MD 1827m. The gas lightens the flowing mixture, thereby reducing downhole pressure increasing inflow from the reservoir. Pressures and temperatures are logged at the tubing head and down hole, at 2671m measured depth. Injection pressure and rate are measured at the well head.  Oil-, gas- and water production is measured at the outlet, by multiphase meters; those are generally considered less accurate than single phase meters. 

[image: ]
Figure 1: Gas lifted well , Sara Haugen 2017 (master thesis NTNU)


The table below shows measurements (Courtesy Equinor), first 17 minutes of January 2016. 
[image: ]


Data for the first day is given by: www.ipt.ntnu.no/~asheim/TPG4135/DataJan2016.txt . The ML- command: load DataJan2016.txt will enter the data file. Tubing head pressures are found in column 3; The ML function: pth=data(n1:n2,3)extracts measurements no.: n1 to n2 . 

Script: Data transfer and plotting
disp('Plot: tubing head pressure') 
clear
clf
delt=1; % time between measurements (minutes)
load DataJan2016.txt
data=DataJan2016;
ant=size(data); ntot=ant(1);      % antall målepunkter 
n1=1;  n2=100;
pth=data(n1:n2,3);
  %  Tids-intervall
t1=delt*n1/60;
 t2=delt*n2/60;
tp=delt*n1:delt:delt*n2;  % time logged
 ntp=length(tp);
 
    stdtp(1:ntp)=mean(pth)+std(pth);
     stdtm(1:ntp)=mean(pth)-std(pth);
  meant(1:ntp)=mean(pth);
 disp([' Midlet trykk: ',num2str(mean(pth)),'(Sm^3/d)  Standardavvik: ',num2str(std(pth)) ])
     subplot(2,1,1)
     hold on
    plot(tp/60/24,pth,'r.')
    plot(tp/60/24,meant,'k-.')
    plot(tp/60/24,stdtp,'b-.')
    plot(tp/60/24,stdtm,'b-.')
    hold off
    legend('Measurements','Mean value','Standard deviation')
   grid
    xlabel('\bf Time  (day)')
   ylabel('\bf p_{th} (bar)')

10.2 Non-modelled variation
Figure 3 shows the first 100 measurements of tubing head pressure, logged minute.  If the well produces under controlled conditions, constant tubing head pressure will be predicted.  However, the measurements show variations: 28.4 – 28.95bar . This indicates non-modelled dynamics, possibly caused by slugging. The well produces a mixture of oil, gas and water. 

[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]






Figure 3: Measured tubing head pressure variations

Figure 4 shows sorted measurements (ML: sort(pth)),  picturing a distinct distribution. If the vertical axis is divided by the number of measurements (100), it will scale from 0 to 1 and picture the relative distribution, implicitly assuming that new measurements will follow the same trend 
 
[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]
Figure 4: Sorted measurement
 




The lowest pressure measured is bar and highest . Assuming rectangular probability density: , leads to linear cumulative distribution  illustrated below. This being a rough approximation. 
 
[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]
Figure 5: Measurements and distribution assuming even density of observations



Regardless of distribution, the arithmetic mean of the measurements:  provides an average, whereas standard deviation: measures the spread.


		(1)

 		(2)



For the measurements above, the mean value is: and the standard deviation: .    

The normal distribution. 
 The normal distribution is a function of mean and standard deviation. Density and cumulative distribution are expressed 
  

	 	(3)

		(4)	



Figure 6 shows compares measurements and cumulative normal distribution calculated by ML: normcdf, using our estimates:and: .The corrrepondence seems acceptable. 

If boundary conditions such as reservoir pressure and outlet pressure remain constant, we may expect variation to be normally distributed with mean and standard deviation as before. Thus, changes signal changes in non-modelled dynamics.  

[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]
Figure 6 Measurements versus normal distribution


Figure 7 illustrates the density distribution calculated by: normpdf(pth,28.7,0.10)

[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]
Figure 7:  Corresponding density distribution

An implicit assumption of the analyses above is that each measured pressure is independent of the previous ones. This requires the time characteristic of the non-modelled processes causes the variation is much shorter than the  logging interval: 1 minute. 

Script
disp(' Normal distribution')
clear
clf
delt=1.;
load DataJan2016.txt
data=DataJan2016;
ant=size(data); 
disp(['No. of data points in file: ',num2str(ant(1))])
pth=data(n1:n2,3); 
  %  Tidsintervall
n1=1;
n2=100;
tp=delt*n1:delt:delt*n2;
 ntp=length(tp); 
disp(['No. of data points ',num2str(ntp)]) 
   %
 meanpth=mean(pth);
 stdpth=std(pth);
 
% ----------------------- Cummulative  density -----------------------
% empirisk 
pths=sort(pth);
   Femp=1:1:ntp;
   Femp=Femp/ntp; 
    
% normalfordeling
   Fn = normcdf(pths,meanpth,stdpth);   
     subplot(2,1,1)
 hold on
 plot(pths,Femp,'r.')
 plot(pths,Fn,'b')
 plot([meanpth,meanpth],[0,1],'k-.')
 plot([meanpth+stdpth,meanpth+stdpth],[0,1],'g-.')
 plot([meanpth-stdpth,meanpth-stdpth],[0,1],'g-.')
 hold off
 legend('Measurements','N-distribution: F(p_{th})','Mean','Standard deviation')
 xlabel('\bfTubing head pressure (bar)')
 ylabel('\bfCumulative')
 grid
 %
 % density distribuion              
   fn=normpdf(pths,meanpth,stdpth);    
   subplot(2,1,2)
   maxf=max(fn)*1.1;
   hold on
    plot(pths,fn,'b')
     plot([meanpth,meanpth],[0,maxf],'k-.')
      plot([meanpth+stdpth,meanpth+stdpth],[0,maxf],'g-.')
 plot([meanpth-stdpth,meanpth-stdpth],[0,maxf],'g-.')
     hold off
    grid
     xlabel('\bf Tubing head pressure (bar)')
 ylabel('\bfDensity: f(p_{th}) ')
 


10.3 Numerical filtering

Average rates and pressure often requested. If the process is stable, the mean serves this purpose. However, simple averaging may misleading and numerical filter preferable if the process drifts.

10.3.1 Moving average
Obviously, averaging over a moving interval smooth the curve. Averaging over: n data points estimates the smoothed value
 

	   	(5a)


Next measurement:  provides a new smoothed value:. This can be calculated from (6a), but more efficiently by recursive updating of the previous estimate    



		(5b)



Longer interval length causes stronger smoothing, and loss of information that may lie in shorter term variation. Figure 8 shows smoothing over interval length: 60 minutes (, with  being the time between logged measurements). 
[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]
Figure 8 Smoothing by moving average

10.3.2 Exponential filter


[bookmark: MTBlankEqn]This filter weights each new measurements: against the established estimate: , providing new estimate in recursive form 
 

	 	(6a)


The established estimate depends on previous values: . Using this, expresses the filter  


		(6b)

The weighing factor:  decides how each measurement influences the established estimate. The filter relation (5) implies that the influence of previous measurements decreases exponentially with time since they were made. 

Figure 8 shows results weighing each new measurement 2%,  =0.02, chosen to achieve visual similarity to the moving average showed in figure 8 above  

[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]
Figure 9 Exponential filtering



Script
% Numerical filters
clf
clear
delt=1.;
load DataJan2016.txt
data=DataJan2016;
ant=size(data); 
disp(['No. of data points in file: ',num2str(ant(1))]) 
  %  Tidsinterval
n1=1;
n2=ant(1);
pth=data(n1:n2,3);
 tp=delt*n1:delt:delt*n2;
 n=length(tp); 
disp(['No. of data points used: ',num2str(n)]) 
   % 
disp('---------------Exponential filter-------------------------------')
alfa=0.02;
disp([' Exponential weighing cofficient: ',num2str(alfa)])
pthe(1)=pth(1);
for i=2:n
    pthe(i)=alfa*pth(i)+(1-alfa)*pthe(i-1);
end
subplot(2,1,1)
hold on
plot(tp,pth,'r.')
plot(tp,pthe,'k-')
hold off
grid
legend('Measurements','Exponential filter')
    xlabel('\bf Time  (min)')
    ylabel('\bf p_{th} (bar)')
    
   disp('----------------Moving average-----------------')
k=60;
disp(['Averaged over: ',num2str(k),' points  -->  ',num2str(k*delt),' minutes' ])
%
sum=0;
for i=1:k
    sum=sum+pth(i);
    pthma(i)=sum/i;
end
for i=k+1:n
    sum=sum+pth(i)-pth(i-k);
    pthma(i)=sum/k;
end
subplot(2,1,2)
hold on
plot(tp,pth,'r.')
plot(tp,pthma,'k-')
hold off
grid
legend('Measurements','Moving average')
xlabel('\bfTime (min)')
 ylabel('\bf p_{th} (bar)')




10.4 Process dynamics
 
10.4.1 Delayed response


For many processes the change of “level” is proportional to current level: . This provides the solution: . Negative proportionality factor: <0, makes level decrease with time. Such processes are considered dynamically stable. Conversely, >0 makes level increase with time.  Such processes are dynamically unstable and may blow up. 

But, the response is often delayed. For example: High birth-rate will lead to increased population (huntable game, workforce, IS-warriors, or whatever). This may be quantified as 


		(7)




According to eq. (7), the current gradient: dy/dt corresponds to the level at earlier t. Figure 10 shows that for a sine-function, the gradient is:   at: t=0, and:  at  earlier. With proper, negative, choice of the proportionality factor: , eq. (7) may be fulfilled. Thus, delayed response may cause sinusoidal waves.
 
[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]
Figure 10: Sinusoidal variation	


From:  follows oscillation period 4 times the delay :	

It can be shown the “proper choice of proportionality factor” is: . Lower, or higher values will lead to increasing, or decreasing oscillations.

10.4.2 Biological clock

The Nobel Prize in Physiology or Medicine for 2017 was awarded:  Jeffrey C. Hall, Michael Rosbash and Michael W. Young for their discoveries of “Molecular mechanisms controlling the circadian rhythm”. In more mundane language: to discover that reaction and diffusion through cell membranes makes a biological oscillator with period:  . This provides the sense of time, common to most living organisms. 


10.4.3 Process regulation 
The figure illustrates concentration control by supplemental injection 
[image: \\home.ansatt.ntnu.no\asheim\Desktop\Skjermbilde.PNG]

Figure 11 Concentration control

Assuming perfect mixing in the tank, concentration changes proportional to the injection rate 


		(8)


Considering Injection rate regulation proportional to deviation from the goal:  


	  	(9)


Combining (8) and (9), concentration change:, is expressed equivalently to (8) above  


      	(10)


Prediction of dynamic respons
Regulation coefficient: =-0.01
Pipe length L=300 m
The design rate makes pipe flow velocity v=3 m/s. 


a) Predict dynamic response to 5% concentration change. 

b) Predict dynamic response to 5% concentration change, if the flow is reduced 50%    

Simulation solution
The program: ML handles delayed differential by: dde23(DDEFUN,LAGS,HISTORY,TSPAN).   

a) At design flow condition
[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]
Figure 12   Dynamic development for pipe flow velocity: v=3m/s 

a) Prediction for reduced flow rate

[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]
Figure  13  Dynamic development for pipe flow velocity: v=1.5 m/s 

Script
disp(' Delayed response: dy/dt=b*y(t-delT)   ')
clear
clf
v=1.5;
L=300;
Vol=1;
beta=-0.01;
betalim=-v*Vol/L*pi/2;
delT=L/v ; %tidsforsinkelse
b=beta/Vol;
T=30*60;
disp([ '   b= ',num2str(b),'   \Delta t= ',num2str(delT) ])
disp([ '   bDt= ',num2str(b*delT),' T= ',num2str(T),' s'  ])
%
ts=linspace(0,T);
tmax=ts(length(ts));
yi=0.05; % disturbance
% ------------------ matLab dde23 -----------------
ddefun  = @(t,y,ydelay) b*ydelay;
History = @(t) [yi]; %
sol=dde23(ddefun,delT,History,[0,tmax]);
yint = deval(sol,ts);
ysol=yint(1,:);
% ---------------------------------------------------
subplot (2,1,1)
plot(ts/60,ysol,'b')    % matlab
grid
xlabel('Time (minutes)')
ylabel('Amplitude ')



10.5 Sinusoidal waves

10.5.1 Sinusoidal oscillation
Sinusoidal waves progresses in time and space, described as 


	 	(11)

Where: 

angular frequency: 

wave number:  

 	phase shift:  


At fixed location: x=0, the wave will produce oscillations:  


angular frequency: 

            phase shift:  

[image: \\home.ansatt.ntnu.no\asheim\Desktop\Skjermbilde.PNG]

Figure 14 Sinusoidal waves

By complex numbers

[image: \\home.ansatt.ntnu.no\asheim\Desktop\Skjermbilde.PNG]


 


10.5.2 Sampled data 
For the case we consider 2 sinusoidal waves, with amplitudes: A1=0.7, A2=1.0 and periods: T1=20s , T2=40s. Total amplitude becomes the sum of individual amplitudes 


		(12)

Figure 15 illustrates actual amplitude and measurements. Linear interpolation between measurements approximates the actual oscillation 
[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]
Figure 15 : Samling interval: ts=5s

[bookmark: _GoBack]Figure 16 shows measurements made each 10 second. Linear interpolation between measurements roughly approximates the slower oscillation with period: 40, but completely overlooks the faster with period 20 

[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]
Figure 16 : Samling interval: ts=10s

Nyquist’s sampling theorem says that oscillation of shorter period than twice the sampling will not be registered. Thus, sampling interval 10 s will not register oscillations periods less than 20 seconds. This strictly relates to finite Fourier analyses, but also makes general sense.   


10.5.3 Frequency spectrum 
Oscillations may be clearer expressed in the frequency domain, or period domain: T=1/f. Figure 17 shows the oscillations considered above.  
[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]
Figure 17:  Waveform 

This is made up of two waves with different period (frequency) and wavelengths and is  equivalently expressed by the spectrum below 

[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]

Figure 18  Spectrum of the waveform considered

Figure 19 shows the equivalent frequency spectrum 

[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]
 Figure 19: Frequency spectrum 

Knowing frequencies and amplitudes, the spectrum is easily drawn. By the Fourier transform, the spectrum may be calculated for oscillation-, or pulse functions. The Fast Fourier Transform (FFT) calculates the spectrum of sampled oscillations.   


10.5.4 Fast Fourier transform

The Fast Fourier Transform: FFT ( or: “Finite Fourier Transform”) is an algorithm that operates on sampled data and calculates the frequency spectrum. Consider waveform of figure 15, sampled at t= 5s, corrupted by random noise. Figure 20 shows one realization: While interpolation between measurements in fig 15 approximated the actual waveform, such interpolation shown below will be grossly misleading

[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]

Figure 20 : Signal corrupted by random noise (=2)

Figure 21 shows the spectrum calculated by FFT. This compares quite well to the uncorrupted spectrum shown in figure 18 above. Thus, by FFT, the underlying waveform may be extracted from noisy measured data.

[image: \\home.ansatt.ntnu.no\asheim\Desktop\untitled.bmp]
Figure 21: Spectrum, estimated from 2000 data points 


Script
disp('Finite Fourier Transform (fft) of sinusoidal wave')
clear
clf
delT = 5;                     % logging interval(s)
Fs = 1/delT;                    % logging frequency
nt = 2000;                     % number of measurements
fny=0.5*Fs;
t = (0:nt-1)*delT;                % Time span
% amplitudes
A1=0.7;A2=1;
%periods
T1=20;T2=40;
% waveform
y = A1*sin(2*pi/T1*t) + A2*sin(2*pi/T2*t)+2*randn(size(t));   
% plot logged data
subplot(2,1,1)
plot(t(1:120/5),y(1:120/5),'r.')
grid
xlabel('\bfTime (s)')
ylabel('\bfMeasurements')
%---------------- Finite  Fourier transform--------------
Y = fft(y);
P2 = abs(Y/nt);
ampl = P2(1:nt/2+1);
ampl(2:end-1) = 2*ampl(2:end-1);
f = Fs*(0:(nt/2))/nt; 
% Plot period spectrun
Tny=2*delT;  % shortest noticable period
subplot(2,1,2)
Tf=f.^-1;
plot(Tf,ampl)
axis([Tny,50,0,1.2])
xlabel('\bfPeriod: T= 1/f (s)')
ylabel('\bfAmplitude: A')
grid
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Fil Rediger Format Vis Hjelp

1-Dag 2-tid 3-pwh_barg 3-twh_C 4-pw_bara 5-tw_C 6-pcds_barg 7-pgi_barg 8-pgsup_barg 9-qgi_Sm3h 10-qo_Sm3d 11-qw_m3/d 12-qg_Sm3/d
01-Jan-16 00:00:00 28.82516479 57.54465103 123.9624252 84.02155304 15.05222225 107.4350128 145.7459259 3103.043457 256.0577087 677.847229 132996.37
01-Jan-16 00:01:00 28.64644241 57.53999329 123.9752274 84.02289581 14.83069134 107 .4647064 145.7636871 3094.665039 269.4729309 673.3397217 140412.67
01-Jan-16 00:02:00 28.60433006 57.54289627 123.9183426 84.02141571 14.53618145 107.4336395 145.7056885 3085.959473 291.8190002 685.1921997 145584.65
01-Jan-16 00:03:00 28.59532928 57.55076981 123.8881149 84.02059174 14.39910412 107.3978424 145.5469971 3077.563965 286.523468 655.5335693 138502.37
01-Jan-16 00:04:00 28.42700005 57.55206299 123.8605042 84.02033997 14.69020748 107.4069138 145.4094086 3096.935059 271.2519836 670.8416138 139398.95
01-Jan-16 00:05:00 28.57551193 57.55727768 123.8229446 84.01898956 14.84105968 107.4187012 145.6832123 3093.746582 295.5249634 657.0055542 137116.92
01-Jan-16 00:06:00 28.72018433 57.54599762 123.8489685 84.01805878 14.8524456 107.4218597 145.7885132 3095.807373 300.6690979 619.6904907 139659.84
01-Jan-16 00:07:00 28.69967461 57.54088593 123.8855362 84.01828003 14.91711044 107.4292068 145.7107849 3103.820557 277.8174744 639.2113037 138101.37
01-Jan-16 00:08:00 28.53759575 57.52863312 123.8987045 84.01820374 14.92987156 107.4329453 145.7795715 3095.475586 297.0293579 640.2946167 141597.96
01-Jan-16 00:09:00 28.69618034 57.52746201 123.891716 84.0198288 14.84316063 107.4297638 145.7649994 3093.793457 305.7687073 640.4934082 131990.73
01-Jan-16 00:10:00 28.57818413 57.51736069 123.9274826 84.01993561 14.78111458 107.4297256 145.6764069 3101.673584 299.3243103 659.206604 148918.03
01-Jan-16 00:11:00 28.76119614 57.50743484 123.915802 84.01733398 14.78732491 107.4243469 145.8114624 3095.647705 288.7789307 656.9232178 143404.5
01-Jan-16 00:12:00 28.66268158 57.50297546 123.9418716 84.01782227 14.80511093 107.4250488 145.6802368 3091.857666 286.5067749 653.4020386 140881.96
01-Jan-16 00:13:00 28.57934761 57.50092316 123.9336777 84.01831818 14.72924995 107.4242706 145.6799774 3103.565674 260.6588745 664.5083618 139567.17
01-Jan-16 00:14:00 28.50088501 57.49652863 123.938324 84.01894379 14.50568867 107.4266434 145.6900024 3103.971924 273.4530029 668.3654175 137278.45
01-Jan-16 00:15:00 28.69486809 57.50043869 123.8990021 84.01896667 14.74871922 107.4281311 145.6234436 3090.250244 307.4417114 629.8724365 138697.64
01-Jan-16 00:16:00 28.66991043 57.49658203 123.879921 84.01828766 14.94951153 107.4275131 145.6963196 3097.418701 295.6759033 615.538208 141245.71

©01-Jan-16 00:17:00 28.77915192 57.50124741 123.9050522 84.01831055 15.05588245 107.4298401 145.7821045 3109.494385 256.8060608 638.7113037 138988.65
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