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Abstract. 
We show clear experimental evidence that in the laminar flow regime, there is a continuous redistribution of population on different vibrorotational energy levels as the flow rate increases. Such redistribution comes to an abrupt stop when the flow changes to turbulence. The population distribution then remains almost unchanged even up to the flow rate 10 times the laminar to turbulent transition. The flow status of carbon dioxide is therefore closely related to its internal energy level population distribution.


In the past ten years, several experiments have been performed to test the long-accepted idea that when expressed in terms of dimensionless variables, such as the critical Reynolds number, the laminar-turbulent transition is independent of the fluid used in the experiment, a principle sometimes referred to as scale invariance, a fundamental tenet enshrined in the study of turbulence [1]. The experiments are of two types: (I) quasistatic [2–7] and (II) unconstrained free efflux [8–10]. Type I experiments have mixed results: [6, 7] support scale invariance, while [2–5] raise doubts on its validity. Type II experiments, using modern apparatus from the field of vacuum science and technology, are supportive of the theoretical studies which propose a quantum origin for a theory of turbulence [11–13]. The results of Type II experiments support the assertion that the critical Reynolds number, at which the laminar-turbulent transition occurs, is specie dependent. Thus, normal and heavy water have different critical Reynolds numbers, and so do the noble gases.
Scale invariance and specie dependence are contrary to each other. Scale invariance comes from the classical continuum approach, proposed before atoms and molecules were discovered, while specie dependence is characteristic of a quantum view of nature. It is important to settle this controversy. 
In this paper, we report a Type III experiment: simultaneous spectroscopic measurements that compare the absorption spectra of an excited gas and its state of motion, in laminar or turbulent form. We have designed an experiment that correlates different populations of CO2 gas. There is only one species, pure CO2, but it has subspecies, namely, the different ground and excited states of this molecule. The tests in this experiment are more stringent than Type I and Type II experiments and certainly go beyond a classical continuum model.
The experimental schematics are shown in Figure 1. The gas cell was made of stainless steel with inner dimensions of 10 mm × 10 mm × 500 mm. The infrared windows were made of KBr by directly pressing the KBr powder into the steel wall openings of the gas cell. Their inner surfaces were leveled with the inner wall of the cell, which was mechanically polished, to prevent extra friction to gas flow. The overall transmission of the pair of windows was about 10%. The windows were at 50 mm from the inlet of the gas cell. The inner diameter of the gas tubes connected to the inlet and the outlet of the cell was 4.5 mm. The CO2 gas (99.5% purity) first passed through a flow meter (MKS 149A), then a pressure gauge (MKS 872B) before entering the gas cell. To get more accurate readings at low flow rates, a voltmeter (Keithley 2000) was used to measure the DC voltage output of the flow meter. Another pressure gauge (MKS 872B) measured the downstream pressure, while the outlet gas entered a buffer volume of about 3000 cm3 before being pumped to the atmosphere by a mechanical pump. The portion of the cell with the windows was placed in the sample chamber of a Fourier transform spectrometer (Bruker IFS-66) for transmission measurements in the 600 to 7000 cm−1 spectral range.


















	
		
		
			
		
	






	
		
			
		
			
		
	


	
		
		
			
		
	


	
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
	


	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	


	
		
		
	



Figure 1: Schematics of the experimental setup.


The flow rate versus the pressure difference between the inlet and the outlet is plotted in Figure 2. Two regimes of flow can be distinguished. In the low flow rate regime, a slope of 1.48 can be extracted from the log-log plot, and in the high flow rate regime, the slope is 1.78. This is consistent with the general trend that in turbulence the flow rate is higher than that in laminar flow under the same pressure difference. The transition from laminar to turbulence occurs at around 200 standard cubic centimeters per minute (sccm), which agrees with the lower end of the simple theoretical estimation for an infinitely long gas cell of 10 mm × 10 mm in cross-section. The discontinuity in cross-section from 4.5 mm circular diameter to 10 mm × 10 mm square will cause the turbulence to appear at lower flow rates.






	






	






	






	






	












	






	






	






	






	
	












	






	






	






	






	
	
	




	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	








	






	






	






	
	
	












	






	






	






	






	
	
	
	












	


	
	
	
	
	
	
	
	
	
	
	
	
	
	

























































































Figure 2: Measured flow rate as a function of pressure difference between the entrance and the exit of the gas cell in log-log plot. The straight lines are linear fits.


CO2 gas exhibits rich vibrational and rotational spectroscopic absorption lines in the infrared [14–19]. The changes in the relative intensity of these lines reflect the populations at different molecular energy levels. To detect the possible change of population distribution due to laminar to turbulent transition, it is, therefore, necessary to measure and analyze carefully the infrared spectra at different flow conditions. Typical transmission spectra of CO2 gas in the cell and that of background (CO2 and water vapor depleted air) at different spectral resolutions are shown in Figure 3. Figure 3(a) shows the spectra around the first major CO2 absorption line near 668 cm−1, which is due to the transition from the ground state (00001) to the first vibrational excited state (01101) [14] along with the rotational side bands. In the high resolution (0.1 cm−1) spectrum, a number of weaker and narrow absorption lines involving the rotational energy levels can be identified. In the low resolution spectrum (10 cm−1), these weaker lines are smeared out, and the first major line becomes wider and shallower, while maintaining the total strength (area). The absorption 
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. We define the band-A absorption 
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 as the absorption between 663 and 647 cm−1 as indicated in Figure 3(a). The average pressure in the cell was maintained at around 100 torrs, which lead to the absorption strength of band-A at around 0.17. 
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(b)
Figure 3: (a) The absorption spectra and the background spectrum around the first major absorption band of CO2 gas. (b) The absorption spectra and the background spectrum around the second and the third major absorption bands of CO2 gas. 


The second and the third group of absorption lines are shown in Figure 3(b). These are due to the combination of 
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 transitions [15]. To get a broad picture, we take the average strength of the absorption lines obtained from the low resolution spectra. The average strength within the range from 2284 to 2349 cm−1 is taken as the band-B absorption strength 
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 and that between 2349 and 2390 cm−1 as the band-C absorption strength 
	
		
			

				𝐼
			

			

				𝐶
			

		
	
. Only the low resolution spectra are analyzed in the remaining part of the paper.
Figure 4(a) shows the absorption strength of band-A, band-B, and band-C as a function of flow rate. The absorption strength of band-A was kept within the range of 
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 throughout the flow rate changing from 0 to 2000 sccm. It is seen that relative to band-A, the absorption strength of band-B and band-C first decreases when the flow rate increases from 0 to about 100 sccm. The decrease of strength then stops after the flow rate reaches 200 sccm and beyond. In Figure 4(b), the difference in absorption strength between band-C and band-B, 
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, is plotted as a function of flow rate. Again, the strength of the band at higher frequencies decreases faster than the one at lower frequencies as the flow rate increases from 0 to about 100 sccm. The difference then remains nearly unchanged after the flow rate reaches beyond 100 sccm and up to 2000 sccm. It is, therefore, clear that in the laminar flow regime, there is a continuous redistribution of population on different molecular energy levels as the flow rate increases. Such redistribution comes to an abrupt stop when the flow changes to turbulence. The population distribution then remains almost unchanged even up to the flow rate 10 times the laminar to turbulent transition.
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(c)
Figure 4: (a) The absorption of band-A, band-B, and band-C as a function of flow rate. (b) The difference in absorption between band-B and band-C as a function of flow rate. The absorption of band-A was kept at 
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. The insert shows the region at low flow rates. (c) The difference in absorption between band-B and band-C as a function of flow rate at several absorption strength of band-A. The variation of the band-A absorption was ±0.01 in all cases. 


Figure 4(c) shows 
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 as a function of flow rate for different constant band-A strength. 
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, that is, higher gas density, indicating that the population distribution of the gas depends on the intermolecular collisions. On the other hand, they all decrease at about the same rate with the increase of flow rate below 100 sccm and level off at the flow rates beyond that critical point.
It is noted that in the flow rate versus differential pressure analysis, the laminar to turbulent transition occurs around 200 sccm, while in the absorption strength versus flow rate analysis, such transition seems to occur at 100 sccm. The main reason for the discrepancy is that the location where the infrared spectra were taken was close to the inlet of the cell, where there was a discontinuity of cross-section which could cause local unstable flow, while in the flow rate versus differential pressure analysis, it was the flow in the entire cell that was analyzed. The flow in the local region around the window could become turbulent at a lower flow rate (100 sccm) before the flow in the entire cell became turbulent at higher flow rate (200 sccm). 
In conclusion, we have shown that the population of different excited states in carbon dioxide depends on its state of flow, that is, whether it is laminar or turbulent. Turbulence is associated with greater population of the excited states. This observation supports a quantum view of turbulence. Quantum turbulence, as it is sometimes called, has been observed in low-temperature physics [20–22]. Our results now show that even at room temperature, quantum concepts are important. In a future paper [23], it will be shown using already published data [9] that the rotational states of nitrogen render microflow in a Hinkle apparatus quantized. It now appears that turbulence itself may be quantum in nature [24].
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