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Subject:  Wave Generation Thermocouple Experiment 

Objective
The purpose of this experiment was to develop a simulation with similar conditions to that which the thermocouple will be used in the Wave Generation project at sea. It is important to test the accuracy and response time of the thermocouple in its changing environment before being deployed.

Procedure
In order to create an environment similar to that which the thermocouple will be used in a pressure cylinder was assembled. The flange at the end of the cylinder has four outlets: an exhaust with a ½” release valve to release the pressure quickly, a pressure transducer to record the pressure change, a ‘T’ type thermocouple to record temperature change and an intake with shutoff valve to pressurize the cylinder. Once everything was connected securely, the tank was pressurized to roughly 250psi with Nitrogen, allowed to equilibrate to the surrounding air’s temperature and then released. Measurements from the pressure transducer and thermocouple were taken from the Tektronix TSP 2015 Oscilloscope and then transferred into an excel spreadsheet. An amplifier was installed between the thermocouple and the oscilloscope to amplify the voltage in order for more accurate readings. From these results a time constant could be estimated to justify the selection of this type and size of thermocouple. 

Results
Amplifier Gain
Before any results could be analyzed the amplifier had to be calibrated to know the approximate gain and offset. To do so a precision voltage source was connected to the amplifier with accuracy down to 0.1mV’s. The output from the amplifier was then read on the Oscilloscope and recorded onto excel and compared to the input from the precision voltage source. From there a relation could be determined between input and output of the amplifier to determine the approximate gain as seen in figure 1. Once the gain was known a correlation between temperature and input voltage to the amplifier was determined. To do so two known temperature were used, room temp (19.7°C) and ice water (4.8°C) were used to see the voltage output of the thermocouple, by doing so the offset voltage created by not having a cold junction in the amplifier was able to be accounted for. By comparing these voltages from known temperatures to published data on ‘T’ type thermocouple a polynomial relation was determined between the temperature and amplifier input voltage as seen in figure 2. 


Figure 1: By using the precision voltage source a known input voltage accurate to 0.1mV was put into the amplifier where the output was read by the Oscilloscope. From there a linear relation of input to output was determined by the equation y = 1.6423x-1.0953 where y in the input and x is the amplified output voltage. 

Figure 2: Relation of temperature to amplifier input voltage (thermocouple output) was used to get the polynomial equation of temperature change to voltage so that the temperature change in the experiment can be determined.

Compressed Nitrogen
Once the amplification level was calibrated and the offset was accounted for the results from the three tests could be analyzed and graphed. First the pressure drop was graphed and an exponential tread line was fit to determine alpha, a value used to determine the temperature change in an adiabatic process. 
					     
From this equation the changing pressure can be used to determine the theoretical temperature change by rearranging the equation for a reversible adiabatic process shown below.
					              (γ=1.4 for adiabatic process)
In all three tests the values of alpha were within 2% of each other which validates the values used to determine the theoretical temperatures. Finally, using the equations from the amplifier calibration tests the experimental temperatures could be graphed from the thermocouples output voltage. As seen in figures 3-5 the experimental temp does not drop as fast as the theoretical temp; this is most likely due to heat given off by the surrounding steel cylinder. As the pressure drops it cools down the cylinder as well as the gas therefore the temperature of the nitrogen never drops as much as the theoretical value predicts. After the three experiments were conducted and the results analyzed, it was demonstrated that the thermocouples response time is sufficient for its application so the chosen size and type of thermocouple is appropriate for this project. 


Figure 3: First recorded measurements from the oscilloscope used to demonstrate the lag in the response time of the thermocouple. The theoretical temperature (red) drops quicker than the experimental temperature (green) proving there is lag in the thermocouple. But it must also be noted that the surrounding steel cylinder conducts heat into the Nitrogen warming it up as the pressure drops meaning the assumption of an adiabatic process is not entirely accurate. It is due to this heat transfer that the experimental temperature does not drop as low as the theoretical temp and could also contribute to the lag in temperature change.  In this test alpha equals 0.709. 

Figure 4: Second recorded measurements from the oscilloscope used to demonstrate the lag in the response time of the thermocouple.  Here alpha equals 0.713 which is very close to the constant determined in the first experiment. 


Figure 5: Third recorded measurements from the oscilloscope used to demonstrate the lag in the response time of the thermocouple and used to validate the above results.
Ice Bath to Ambient Air Time Constant
Table 1: Results from time constant experiment with thermocouple initially in ice bath (0.1 °C) and quickly moved to surrounding air (20.4°C). After ten tests the average time constant was 145.5ms. The column with ms/div more or less represents how accurate the measurement was.
	
	Ice bath to ambient air

	
	∆V (mV)
	63.2% of ∆V (mV)
	Time Constant,  τ (ms)
	ms/div

	
	700
	442.4
	117
	25

	
	650
	410.8
	138
	25

	
	660
	417.12
	132
	50

	
	720
	455.04
	188
	50

	
	660
	417.12
	156
	50

	
	680
	429.76
	158
	50

	
	680
	429.76
	128
	50

	
	680
	429.76
	138
	50

	
	700
	442.4
	146
	50

	
	780
	492.96
	154
	50

	Averages
	691
	436.712
	145.5
	45





Figure 6: Example of the data points used to determine the time constant of the thermocouple when removed from ice bath into surrounding air. In this case the time constant is much larger than when moved from air to ice because some of the water remains on the thermocouple junction so it takes longer for the water to change to room temperature. For this reason, the resulting time constant for this part of the experiment should not be taken into consideration when deciding if this is the appropriate thermocouple for this application since there will not be a liquid median in the real project. 
Ambient Air to Ice Bath Time Constant
Table 2: Results from time constant experiment with thermocouple initially in ambient air (20.4°C) and quickly placed into the ice bath (0.1 °C). After ten tests the average time constant was 9.26ms. The column with ms/div more or less represents how accurate the measurement was; in this case the measurements are more accurate than from ice to air.
	
	Ambient  air to ice bath

	
	∆V (mV)
	63.2% of ∆V (mV)
	Time Constant,  τ (ms)
	ms/div

	
	890
	562.48
	9.2
	10

	
	890
	562.48
	8.6
	10

	
	890
	562.48
	8.8
	10

	
	880
	556.16
	8.4
	10

	
	888
	561.216
	7.2
	10

	
	880
	556.16
	11.8
	10

	
	872
	551.104
	9.6
	10

	
	840
	530.88
	9.6
	10

	
	940
	594.08
	9.4
	10

	
	860
	543.52
	10
	10

	Averages
	883
	558.056
	9.26
	10




Figure 7: Example of the data points used to determine the time constant of the thermocouple when dipped into an ice bath. The time constant is found from the time it takes for 63.2% of the total change in voltage to occur. 
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Gauge Pressure (psi)
Temperature (C)
Ice Bath to Ambient Air
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Thermocouple Voltage (V)
Ambient Air to Ice Bath
50.4	50.79999999999999	51.199999999999996	51.600000000000009	52	52.400000000000006	52.79999999999999	53.199999999999996	53.600000000000009	54	54.400000000000006	54.79999999999999	55.20000000000001	55.600000000000009	56	56.399999999999963	56.79999999999999	57.20000000000001	57.600000000000009	58	58.399999999999963	58.79999999999999	59.20000000000001	59.600000000000009	60	60.399999999999963	60.800000000000004	61.20000000000001	61.600000000000009	62	62.399999999999963	62.800000000000004	63.20000000000001	63.600000000000009	64	64.399999999999963	64.8	65.199999999999974	65.599999999999994	66	66.399999999999963	66.8	67.2	67.599999999999994	68	68.399999999999963	68.8	69.2	69.599999999999994	70	70.399999999999963	70.8	71.2	71.599999999999994	72	72.399999999999963	72.8	73.2	73.599999999999994	74	74.399999999999963	74.8	75.2	75.599999999999994	76	76.399999999999963	76.8	77.2	77.600000000000009	78	78.399999999999963	78.8	79.2	79.600000000000009	80	80.399999999999977	80.8	81.2	81.599999999999966	82	82.399999999999977	82.8	83.2	83.599999999999966	84	84.399999999999977	84.8	85.2	85.599999999999966	86	86.399999999999977	86.8	87.2	87.599999999999966	88	88.399999999999977	88.8	89.2	89.599999999999966	90	90.399999999999977	90.8	91.2	91.599999999999966	92	92.399999999999977	92.8	93.2	93.599999999999966	94	94.399999999999977	94.8	95.199999999999946	95.599999999999966	96	96.399999999999991	96.8	97.19999999999996	97.599999999999966	98	98.399999999999991	98.8	99.19999999999996	99.599999999999966	100	100.39999999999993	100.8	101.19999999999996	101.60000000000001	102	102.39999999999993	102.8	103.19999999999996	103.60000000000001	104	104.39999999999993	104.80000000000001	105.19999999999996	105.60000000000001	106	106.39999999999993	106.80000000000001	107.19999999999996	107.60000000000001	108	108.39999999999993	108.80000000000001	109.19999999999996	109.60000000000004	110	110.39999999999996	110.80000000000001	111.19999999999996	111.60000000000004	112	112.39999999999996	112.80000000000001	113.19999999999996	113.59999999999992	114	114.39999999999996	114.80000000000001	115.19999999999997	115.59999999999992	116	116.39999999999996	116.80000000000001	117.19999999999997	117.59999999999992	118	118.39999999999996	118.80000000000001	119.19999999999997	119.59999999999992	120	120.39999999999996	120.80000000000001	121.19999999999997	121.59999999999998	122	122.39999999999996	122.80000000000003	123.19999999999997	123.59999999999998	124	124.39999999999996	124.80000000000003	125.19999999999997	125.59999999999998	126	126.39999999999996	126.80000000000003	127.19999999999997	127.59999999999998	128	128.4	128.80000000000001	129.19999999999999	129.59999999999994	130	130.4	130.80000000000004	131.19999999999999	131.59999999999994	132	132.4	132.80000000000004	133.19999999999999	133.59999999999994	134	134.4	134.80000000000004	135.19999999999999	135.59999999999994	136	136.4	136.80000000000004	137.19999999999999	137.59999999999994	138	138.4	138.79999999999993	139.19999999999999	139.59999999999994	140	140.4	140.79999999999993	141.19999999999999	141.59999999999994	142.00000000000003	142.4	142.79999999999993	143.19999999999999	143.59999999999994	144.00000000000003	144.4	144.79999999999993	145.19999999999999	145.59999999999997	146.00000000000003	146.4	146.79999999999993	147.19999999999999	147.59999999999997	148.00000000000003	148.4	148.79999999999993	149.19999999999999	149.59999999999997	-0.224	-0.21600000000000008	-0.224	-0.224	-0.224	-0.23200000000000001	-0.224	-0.23200000000000001	-0.224	-0.23200000000000001	-0.24000000000000007	-0.23200000000000001	-0.23200000000000001	-0.224	-0.23200000000000001	-0.23200000000000001	-0.24800000000000008	-0.24000000000000007	-0.224	-0.23200000000000001	-0.23200000000000001	-0.24000000000000007	-0.23200000000000001	-0.23200000000000001	-0.23200000000000001	-0.23200000000000001	-0.23200000000000001	-0.224	-0.24000000000000007	-0.224	-0.224	-0.224	-0.24800000000000008	-0.24000000000000007	-0.24000000000000007	-0.24800000000000008	-0.24800000000000008	-0.24800000000000008	-0.24000000000000007	-0.23200000000000001	-0.23200000000000001	-0.24000000000000007	-0.24000000000000007	-0.24800000000000008	-0.24000000000000007	-0.24000000000000007	-0.23200000000000001	-0.24000000000000007	-0.24800000000000008	-0.23200000000000001	-0.24000000000000007	-0.23200000000000001	-0.24000000000000007	-0.24000000000000007	-0.23200000000000001	-0.24000000000000007	-0.24000000000000007	-0.24000000000000007	-0.25600000000000001	-0.24000000000000007	-0.24000000000000007	-0.24000000000000007	-0.24000000000000007	-0.24000000000000007	-0.24000000000000007	-0.24800000000000008	-0.24800000000000008	-0.24800000000000008	-0.27200000000000002	-0.25600000000000001	-0.25600000000000001	-0.24800000000000008	-0.25600000000000001	-0.25600000000000001	-0.25600000000000001	-0.25600000000000001	-0.25600000000000001	-0.25600000000000001	-0.25600000000000001	-0.25600000000000001	-0.24800000000000008	-0.25600000000000001	-0.27200000000000002	-0.26400000000000001	-0.25600000000000001	-0.25600000000000001	-0.25600000000000001	-0.26400000000000001	-0.25600000000000001	-0.27200000000000002	-0.27200000000000002	-0.27200000000000002	-0.26400000000000001	-0.27200000000000002	-0.26400000000000001	-0.27200000000000002	-0.26400000000000001	-0.27200000000000002	-0.27200000000000002	-0.28000000000000008	-0.27200000000000002	-0.27200000000000002	-0.27200000000000002	-0.27200000000000002	-0.27200000000000002	-0.28800000000000014	-0.27200000000000002	-0.28800000000000014	-0.28800000000000014	-0.33600000000000024	-0.36800000000000022	-0.40800000000000008	-0.42400000000000021	-0.45600000000000002	-0.47200000000000014	-0.49600000000000016	-0.51200000000000001	-0.53600000000000003	-0.56000000000000005	-0.56799999999999995	-0.57600000000000029	-0.60000000000000031	-0.61600000000000033	-0.62400000000000033	-0.64000000000000035	-0.65600000000000036	-0.68	-0.7120000000000003	-0.73600000000000032	-0.77600000000000036	-0.78400000000000003	-0.81599999999999995	-0.83200000000000029	-0.85600000000000032	-0.88	-0.88	-0.91200000000000003	-0.92800000000000005	-0.93600000000000005	-0.95200000000000029	-0.95200000000000029	-0.9680000000000003	-0.97600000000000031	-0.98399999999999999	-0.99199999999999999	-1	-1.008	-1.008	-1.016	-1.024	-1.032	-1.032	-1.032	-1.056	-1.04	-1.048	-1.056	-1.056	-1.0640000000000001	-1.056	-1.0640000000000001	-1.0720000000000001	-1.08	-1.0720000000000001	-1.0720000000000001	-1.08	-1.08	-1.08	-1.0880000000000001	-1.0960000000000001	-1.08	-1.0880000000000001	-1.0880000000000001	-1.0960000000000001	-1.0960000000000001	-1.1040000000000001	-1.1040000000000001	-1.1040000000000001	-1.1040000000000001	-1.1040000000000001	-1.1120000000000001	-1.1040000000000001	-1.1040000000000001	-1.1040000000000001	-1.1200000000000001	-1.1040000000000001	-1.1120000000000001	-1.1120000000000001	-1.1279999999999992	-1.1120000000000001	-1.1120000000000001	-1.1279999999999992	-1.1120000000000001	-1.1120000000000001	-1.1200000000000001	-1.1279999999999992	-1.1279999999999992	-1.1279999999999992	-1.1279999999999992	-1.1279999999999992	-1.1279999999999992	-1.1359999999999992	-1.1279999999999992	-1.1359999999999992	-1.1279999999999992	-1.1439999999999992	-1.1359999999999992	-1.1359999999999992	-1.1359999999999992	-1.1359999999999992	-1.1359999999999992	-1.1359999999999992	-1.1359999999999992	-1.1359999999999992	-1.1439999999999992	-1.1599999999999993	-1.1359999999999992	-1.1439999999999992	-1.1359999999999992	-1.1359999999999992	-1.1359999999999992	-1.1439999999999992	-1.1359999999999992	-1.1439999999999992	-1.1439999999999992	-1.1519999999999992	-1.1519999999999992	-1.1519999999999992	-1.1359999999999992	-1.1439999999999992	-1.1439999999999992	-1.1519999999999992	-1.1519999999999992	-1.1519999999999992	-1.1599999999999993	-1.1519999999999992	-1.1599999999999993	-1.1519999999999992	-1.1519999999999992	-1.1519999999999992	-1.1679999999999993	-1.1599999999999993	-1.1519999999999992	-1.1439999999999992	-1.1519999999999992	-1.1599999999999993	-1.1519999999999992	-1.1679999999999993	-1.1519999999999992	Time (ms)
Thermocouple Voltage (V)
Amplifier Gain Trend
In to out	1.8800000000000001	1.59	1.28	0.96700000000000008	0.67500000000000016	0.34900000000000003	4.5999999999999999E-2	-0.23900000000000002	-0.55600000000000005	-0.84500000000000008	2	1.5	1	0.5	0	-0.5	-1	-1.5	-2	-2.5	Output Voltage from Amplifier (V)
Input Voltage to Amplifier (mV)
Temperature to Amplifier Input Relation
-0.33163049999999994	-0.71900000000000019	-0.91500000000000004	-1.1100000000000001	-1.4929999999999999	-1.867	-2.2309999999999999	-2.585	-2.9290000000000003	-3.2629999999999999	-3.5860000000000003	-3.8979999999999997	-4.198999999999999	-4.4889999999999999	-4.7669999999999995	-5.0330000000000004	-5.2869999999999999	-5.528999999999999	-5.758	-5.9750000000000014	20	10	5	0	-10	-20	-30	-40	-50	-60	-70	-80	-90	-100	-110	-120	-130	-140	-150	-160	Amplifier Input Voltage (mV)
Temperature (C)
Nitrogen Thermocouple Expt. 1
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Gauge Pressure (psi)
Temperature (C)
Nitrogen Thermocouple Expt. 2
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Gauge Pressure (psi)
Temperature (C)
