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Chapter 6 Appendix 

 

Appendix A: Uncertainty Analysis 

All measuring devices and measurements have measuring range, resolutions and accuracy. 

The measuring instruments may be so precise giving similar and closer readings but may 

not be 100% accuracy. Hence, a term called uncertainty due to accuracy of measuring 

instruments is always exists. Error and uncertainties in experiments are associated with 

various primary experimental measurements that may arise from instruments selection, 

calibration, environment and testing procedure. Hence uncertainty analysis is important to 

provide accuracy of experimental results. Table below gives accuracy of various measuring 

devices.  

Uncertainties are calculated for different parameters [Brake Power (BP), brake thermal 

efficiency (BTHE), brake specific fuel consumption (BSFC)] based on measured value and 

net possible errors in measuring parameters and are as below.  

% 𝐸𝑟𝑟𝑜𝑟 𝑖𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 =
𝑁𝑒𝑡 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑒𝑟𝑟𝑜𝑟

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒
 ×100 

Net possible error: Accuracy of measuring instrument 

Measured value: Calculated value of parameters from measuring instruments 

Uncertainty is mostly found in parameters mentioned below: 

• Direct Measured Parameters Emissions, Load, Speed 

• Calculated Parameters (Brake power, Brake thermal efficiency, Brake specific 

fuel consumption, Mechanical, Volumetric and Thermal efficiency) 

For direct measured parameters uncertainty is based on accuracy of readings. It can be 

calculated by standard deviation to the root of number of samples taken. While uncertainty 

of calculated parameters is calculated from root mean square of partial derivatives of 

measurement parameter multiplied by accuracy of parameters. The details are as mentioned 

below. 

𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑖𝑡𝑦 =  
𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑅𝑎𝑛𝑔𝑒
𝑥 100 

Table 6-1 shows the uncertainty of various measuring instruments which will be helpful to 

calculate the other parameters uncertainty. 
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Table 6-1: Uncertainty of various measuring Instruments 

Measurement Unit Range Range Resolution Uncertainty (%) 

Temperature °C 0-1200 1200 0.05 0.004 

Load (L) Kg Max 50 50 0.25 0.500 

Fuel Flow (mf) kg/hr 1.01 1.01 0.01 0.990 

air flow (ma) kg/hr 23.1 23.1 0.5 2.165 

Speed (N) rpm 400-6000 6000 0.25 0.004 

 

Uncertainty of Brake Power 
 

𝑏𝑟𝑎𝑘𝑒 𝑝𝑜𝑤𝑒𝑟 =  
2𝜋𝑁𝑇

60
 

 

Uncertainty of BP = Square root of ((ΔN/N) ²+(ΔL/L) ²) 

        = Square root of ((0.5 x 0.5) +(0.004 x 0.004))   

        = 0.50  

Uncertainty of Specific Fuel Consumption 
 

𝑏𝑠𝑓𝑐 =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑢𝑒𝑙

𝑏𝑝
 

Uncertainty of BSFC = Square root of ((ΔN/N) ²+(ΔL/L) ²+(Δmf/mf) ²) 

            = 1.11 

 
Uncertainty of Brake Thermal Efficiency 
 
 

𝐵𝑇𝐸 =  
𝑏𝑝 ∗ 3600 ∗ 100

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑢𝑒𝑙 ∗ 𝐶𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑉𝑎𝑙𝑢𝑒
 

 
Uncertainty of BTE = Square root of ((ΔN/N) ²+(ΔL/L) ²+(Δmf/mf) ²+(ΔLHV) ²) 

           = 1.49 (Where, uncertainty of CV is assumed to be 1%) 

 

To find out the uncertainty of NOx, CO, HC, CO2  emission, standard deviation method us 

used. Standard diesel fuel is used to take all the readings.  
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Uncertainty analysis of NOx emission 

 

 The below Table 6-2 shows specifications of gas analyser 

 
Table 6-2: AVL444N Gas Analyzer Accuracy 

Parameter Unit Measurement Resolution Accuracy 

CO % Vol 0 to 15% Vol 0.01% Vol 
<0.6 %: ±0.03 % Vol 

≥0.6 %: ±5 % ind. Val 

HC ppm Vol 0 to 20,000 

1 ppm /10 ppm 

<2000 RPM / 

>2000RPM 

<200ppm Vol: ±10 ppm Vol 

≥200ppm Vol: ±5 % ind. Val 

CO2 % Vol 0 to 20 0.1 % Vol 
<10%: ±0.5 % Vol 

≥10%: ±5 % ind. Vol 

O2 % Vol 0 to 25 0.01 % Vol 
<2%: ±0.1 % Vol 

≥2%: ±5% ind. Vol 

NO ppm Vol 0 to 5000 1 ppm Vol 

<500ppm Vol: ±50 ppm Vol 

≥500ppm Vol: ±10% of ind. 

Val 

Speed RPM 
400 to 6000 

RPM 
1 RPM ±1% of ind. Vol 

Oil Temp 0C 0 to 125 10C ±4 0C 

Lambda 

(λ) 
- 0 to 9.999 0.001 

Calculations of CO, CO2, HC, 

O2 
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Table 6-3: Uncertainty of NOx emission 

NOx 

ppm 

Accuracy 

NOx 
Deviation Square 

Uncertain 

Value 

%Vol 

Relative 

Uncertainty 

(%) 

95 0.01 0.95 0.9025 0.95 1 

380 0.01 3.8 14.44 3.80 1 

517 0.1 51.7 2672.89 51.70 10 

772 0.1 77.2 5959.84 77.20 10 

1046 0.1 104.6 10941.16 104.60 10 

1287 0.1 128.7 16563.69 128.70 10 

105 0.01 1.05 1.1025 1.05 1 

261 0.01 2.61 6.8121 2.61 1 

613 0.1 61.3 3757.69 61.30 10 

981 0.1 98.1 9623.61 98.10 10 

1076 0.1 107.6 11577.76 107.60 10 

1341 0.1 134.1 17982.81 134.10 10 

109 0.01 1.09 1.1881 1.09 1 

293 0.01 2.93 8.5849 2.93 1 

778 0.01 7.78 60.5284 7.78 1 

1070 0.1 107 11449 107.00 10 

1128 0.1 112.8 12723.84 112.80 10 

1411 0.1 141.1 19909.21 141.10 10 

153 0.01 1.53 2.3409 1.53 1 

439 0.01 4.39 19.2721 4.39 1 

922 0.1 92.2 8500.84 92.20 10 

1213 0.1 121.3 14713.69 121.30 10 

1260 0.1 126 15876 126.00 10 

1540 0.1 154 23716 154.00 10 

Average Uncertainty 68.49 6.625 

 

Uncertainity of NOx emission is ± 68.49 ppm 
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Uncertainty analysis of CO emission 

Table 6-4:Uncertainity of CO emission 

CO 

% vol. 
Accuracy Deviation Square 

Uncertain 

Value 

%Vol 

Relative 

Uncertainty 

(%) 

0.28 0.03 0.0084 7.056E-05 0.01 3 

0.32 0.03 0.0096 9.216E-05 0.01 3 

0.25 0.03 0.0075 5.625E-05 0.01 3 

0.29 0.03 0.0087 7.569E-05 0.01 3 

0.56 0.03 0.0168 0.0002822 0.02 3 

0.86 0.03 0.0258 0.0006656 0.03 3 

0.16 0.03 0.0048 2.304E-05 0.00 3 

0.21 0.03 0.0063 3.969E-05 0.01 3 

0.28 0.03 0.0084 7.056E-05 0.01 3 

0.32 0.03 0.0096 9.216E-05 0.01 3 

0.58 0.03 0.0174 0.0003028 0.02 3 

0.95 0.03 0.0285 0.0008123 0.03 3 

0.18 0.03 0.0054 2.916E-05 0.01 3 

0.22 0.03 0.0066 4.356E-05 0.01 3 

0.23 0.03 0.0069 4.761E-05 0.01 3 

0.26 0.03 0.0078 6.084E-05 0.01 3 

0.51 0.03 0.0153 0.0002341 0.02 3 

1.1 0.03 0.033 0.001089 0.03 3 

0.13 0.03 0.0039 1.521E-05 0.00 3 

0.16 0.03 0.0048 2.304E-05 0.00 3 

0.19 0.03 0.0057 3.249E-05 0.01 3 

0.21 0.03 0.0063 3.969E-05 0.01 3 

0.58 0.03 0.0174 0.0003028 0.02 3 

1.2 0.03 0.036 0.001296 0.04 3 

Average Uncertainty 0.01 3 

 

Uncertainity of CO emission is ± 0.01  



117 

 

Uncertainty analysis of HC emission 

Table 6-5:Uncertainity of HC emission 

HC 

ppm 
Accuracy Deviation Square 

Uncertain 

Value 

%Vol 

Relative 

Uncertainty 

(%) 

34 0.05 1.7 2.89 1.70 5 

38 0.05 1.9 3.61 1.90 5 

44 0.05 2.2 4.84 2.20 5 

64 0.05 3.2 10.24 3.20 5 

65 0.05 3.25 10.5625 3.25 5 

87 0.05 4.35 18.9225 4.35 5 

15 0.05 0.75 0.5625 0.75 5 

18 0.05 0.9 0.81 0.90 5 

32 0.05 1.6 2.56 1.60 5 

48 0.05 2.4 5.76 2.40 5 

59 0.05 2.95 8.7025 2.95 5 

81 0.05 4.05 16.4025 4.05 5 

19 0.05 0.95 0.9025 0.95 5 

29 0.05 1.45 2.1025 1.45 5 

36 0.05 1.8 3.24 1.80 5 

48 0.05 2.4 5.76 2.40 5 

62 0.05 3.1 9.61 3.10 5 

81 0.05 4.05 16.4025 4.05 5 

11 0.05 0.55 0.3025 0.55 5 

19 0.05 0.95 0.9025 0.95 5 

18 0.05 0.9 0.81 0.90 5 

44 0.05 2.2 4.84 2.20 5 

35 0.05 1.75 3.0625 1.75 5 

52 0.05 2.6 6.76 2.60 5 

Average Uncertainty 2.16 5 

 

Uncertainity of HC emission is ± 2.16  
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Uncertainty Analysis of Smoke Emission 

Table 6-6:Uncertainity of Smoke emission 

Smoke 
Accuracy 

NOx 
Dev Square 

Uncertain 

Value 

%Vol 

Relative 

Uncertainty 

(%) 

7.6 0.1 0.76 0.5776 0.76 10 

13.2 0.1 1.32 1.7424 1.32 10 

14.3 0.1 1.43 2.0449 1.43 10 

18.1 0.1 1.81 3.2761 1.81 10 

26.5 0.1 2.65 7.0225 2.65 10 

29.9 0.1 2.99 8.9401 2.99 10 

6.1 0.1 0.61 0.3721 0.61 10 

11.9 0.1 1.19 1.4161 1.19 10 

14 0.1 1.4 1.96 1.40 10 

19.5 0.1 1.95 3.8025 1.95 10 

24.4 0.1 2.44 5.9536 2.44 10 

26.4 0.1 2.64 6.9696 2.64 10 

2.4 0.1 0.24 0.0576 0.24 10 

6.5 0.1 0.65 0.4225 0.65 10 

8.4 0.1 0.84 0.7056 0.84 10 

13.6 0.1 1.36 1.8496 1.36 10 

18.1 0.1 1.81 3.2761 1.81 10 

27.3 0.1 2.73 7.4529 2.73 10 

2.2 0.1 0.22 0.0484 0.22 10 

7.6 0.1 0.76 0.5776 0.76 10 

9.7 0.1 0.97 0.9409 0.97 10 

11 0.1 1.1 1.21 1.10 10 

16.2 0.1 1.62 2.6244 1.62 10 

21 0.1 2.1 4.41 2.10 10 

Average Uncertainty 1.48 10 

Uncertainity of Smoke emission is ± 1.48  

So all the uncertainities are summerised as shown in the Table 6-7. 
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Table 6-7: Summery of estimated uncertainty 

Sr Parameter Uncertainty Unit 

1 Brake Power ±0.050 kW 

2 Brake Thermal Efficiency ±1.49% BTHE (%) 

3 Brake Specific Fuel Consumption ±1.11% kg/kWhr 

4 Hydrocarbons emissions ±2.16 ppm 

5 Carbon monoxide ±0.01 % Vol 

6 Nitric Oxide ±68.49 ppm 

7 Smoke ±1.48 % Volume 
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Appendix B: Fuel Test Report 
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Appendix C: Calibration Reports. 

Gas analayser calibration report. 
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Test rig calibration report. 
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Appendix D: Laboratory Test Report 
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Appendix E: Anti-Plagiarism Report 

 

 

 

 

 


