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ATTACHMENTS
	
ATTACHMENT #1  -  Cooling_Loop_Diagram_v3.pdf
		Author: Joe Howell
Gives specific tube route lengths and heat inputs of the 9 separate tubing routes in the FPix detector.

ATTACHMENT #2  -  FPix_Calculation_Results.xlsx
		Author: Erik Voirin
Gives comprehensive results with the given inlet and outlet specification s at key points throughout all tube routes and 130% heat load (assumed uniform for each segment of tube). 





I. INTRODUCTION AND SCOPE

Recent requests to better match the BPIX flow conditions (supply conditions and pressure drop) showed the need for qualitative flow and temperature calculations including the sub-cooling heat exchanger just before the detector.    
These calculations were performed assuming a 3.8 bar pressure drop, and a concentric tube heat exchanger is sub-cooling the inlet CO2 making the inlet and outlet temperatures the same         (-20C).  These calculations will be somewhat consistent even if the -20C temperature is shifted a few degrees either up or down, all temperatures will shift the same amount.  
These calculations show that due to sub-cooling, the CO2 does not become saturated until over half way through the half disk, though the high flow rate still shows a good convection coefficient even in single phase flow, yielding less than 1.5oC difference between the CO2 bulk temperature and the tube wall temperature. 
Calculations were performed using:
· Single Phase Pressure Drop:
· First Putenkov equation for friction factor and pressure drop.
· Roughness = 0 for these micro-scale smooth drawn tubes.
· Two Phase Pressure Drop:  
· EES program written by Terry Tope, info can be found: 
· https://cms-docdb.cern.ch/cgi-bin/DocDB/ShowDocument?docid=2322
· Found to be very similar to first Putenkov equations at low quality. 
· Single and Two phase heat Transfer:
· The quality through the lines is extremely low, roughly 1-1.5% for exit quality.  It is believed two phase heat transfer correlations are based around higher quality flow than seen in these lines, as they yield much different results than single phase correlations.  The difference at very low quality/single phase flow between the two methods of heat transfer was not known to be due to the inaccuracy of the two phase methods at low quality, or the inaccuracy of the single phase methods in micro scale tubes.  For this reason a 1.4mm tube with single phase CO2 was modeled in ANSYS CFX, and heat transfer and pressure drop  correlations compared to the model. 

II. COMPUTATIONAL FLUID DYNAMICS MODEL

Model Specifics:
· 1.4mm inner diameter
· CO2 flowing at 23.5 bar and -20C
· Flow rate of 6 grams/sec
· 12500 W/m2 heat flux applied to tube wall 
· CO2 properties:
· Density: 1033.4 kg/m3
· Viscosity: 140.12 µPa*sec
· Specific heat: 2.1552 kJ/kg*K
· Prandtl: 2.2348
· Thermal Conductivity: 135.13 mW/m*K

Model Mesh
            Since convection was the result of interest in this model the Shear Stress Transport turbulence model was employed along with mesh refined to allow the turbulence model to integrate all the way to the wall.  For proper Y+ values (a dimensionless number which describes a flows boundary layer) an inflated mesh with layers as small at 0.0003 mm near the wall was necessary.  Figure 1 shows the mesh of the symmetric 1/16th pie slice of tube and inflated boundary with 50 layers and a growth rate of 1.1.  The equivalent full circular tube, 7 cm in length would contain 8 million elements, symmetry brought this number down to 0.5 million.  Convergence of maximum residuals equal to 5e-5 is considered very tight convergence, this model was converged using double precision with maximum residuals less than 1e-6.  This extremely tight convergence level is usually considered to be only of academic interest, not normally necessary in engineering applications; yet was employed to resolve the smallest details in the flow with great accuracy.       
           
[image: C:\Documents and Settings\evoirin\Application Data\Ansys\v121\preview.png]
Figure 1: Example mesh with 50 inflated boundary layers, near wall thickness is 0.0003 mm.
 
  Model Results:  
             ANSYS CFX calculates the heat transfer coefficient using adjacent wall temperature, so to convert to conventional bulk temperature coefficients the following correlation for bulk heat transfer coefficient was defined by the equation below:



             Where  is the distance from the inlet.
  
             The model and above definition yielded bulk heat transfer coefficients which, once fully developed at 70 mm from the inlet, showed to be around 16150 W/m2K, as seen in Figure 2.  Pressure drop from the model showed to be a consistent 1.17 bar/m. 
[image: C://Users/e888tv/.cfx/CFX_TEMP_4788/Chart005.png]
Figure 2: Bulk Heat Transfer coefficient from single phase micro tube model.
The best matching empirical correlations were found to be the first and second Putenkov equations which yielded a pressure drop of 1.166 bar/m (99.7%) and 15408 W/m2K (95.4%).  Cengel also states these empirical correlations are the preferred correlations for heat transfer, being more accurate that the Dittus-Boelter equation or other empirical correlations.[1]
Boundary layer / sub-cooled boiling
	The model showed the thermal and fluid velocity boundary layers would yield sub-cooled boiling, where the temperature at the tube wall exceeds the saturation temperature while the bulk fluid is still sub-cooled. With 6 grams per second flow and a heat flux of 12500 W/m2, the adjacent wall temperature was 0.75 C above the bulk temperature, and the tube centerline was 0.09C below the bulk temperature.  The fully developed velocity and temperature in the tube with respect to radial position are shown in Figures 3 and 4 respectively.  
Sub-cooled boiling will increase the convection coefficient as we will in essence have two phase flow while we still have a sub-cooled bulk temperature. The later calculations for tube temperatures and convection do not take into account this benefit of sub-cooled boiling and assume a thermal boundary layer for all calculations.  One reason two phase flow yields a better convection coefficient than single phase could be the reduction of this thermal boundary layer.  The adjacent wall heat transfer coefficient was around 500 kW/m2K, and the temperature difference between the wall and adjacent CO2 was only 0.0247C, meaning the thermal resistance of the fluid flow heat transfer is almost entirely due to the thermal boundary layer of the fluid, not the contact interface itself.  
Upon saturation the specific heat of a fluid is equivalently infinite, meaning there should be a very small thermal boundary layer since the temperature of a saturated mixture is constant for constant pressure.  In-tube flow will never fully be in perfect equilibrium though, saturated, superheated, and sub-cooled phases will always be present.  In two phase flow we should see a much smaller difference between the centerline, bulk, and wall adjacent temperatures due to the increased specific heat.  Since the conventional bulk heat transfer coefficient is defined by the bulk temperature, not the adjacent wall temperature, it gives us a higher bulk heat transfer coefficient due to the smaller difference in wall adjacent and bulk temperatures.  This also explains the anomaly of at very low qualities of two phase flow, increased mass flow rate can reduce the bulk heat transfer coefficient; with higher flow there will be less gradient in the thermal boundary layer, meaning lower flow can heat the adjacent wall to saturation easier, resulting in sub-cooled boiling earlier than with a higher mass flow rate.  The correlation between single phase and two phase wall adjacent heat transfer coefficients is not known at the time, nor is the adjacent wall temperature steady as bubbles boil and leave the surface causing transient effects.  With the possible exit vapor qualities of 1-1.5%, the centerline of the flow may be sub-cooled even while the bulk temperature is saturated; meaning sub-cooled boiling may be the flow regime throughout a great deal of tube length.  
Computational fluid dynamics modeling of two phase flow is extremely complex and still under development, so producing an accurate model is not feasible at the current time.  Regardless, single phase bulk heat transfer coefficients are estimated to be the lower limit for heat transfer in low quality and sub-cooled boiling flow.  The model used smooth walls, though any roughness factor can be modeled; a higher roughness factor increases both pressure drop and heat transfer.  This roughness factor could account for the dramatic differences in many measured two phase flow measurements since microscopic roughness acts as a non-uniform field of nucleation sites for boiling which could greatly affect the results of experimental two phase flow heat transfer measurements.      
[image: C://Users/e888tv/.cfx/CFX_TEMP_4788/Chart002.png]
Figure 3: Radial Velocity Profile.


Figure 4: Radial Temperature Profile




III. FPIX TUBE ROUTE CALCULATIONS

Calculated mass flow in the 9 different routes can be seen in Figure 5, which result in a total detector flow rate of 241 grams per second. Single phase heat transfer coefficients calculated from the second Putenkov equation are shown in Figure 6, and the temperature difference between the “bulk temperature” and the tube inner wall temperature for the critical areas of the half disk are in Figure 7. 

[image: ]
Figure 5: mass flow rates at 3.8 bar differential.

[image: ]
Figure 6: Convection Coefficients at 3.8 bar differential (single phase Putenkov correlation)

[image: ]
Figure 7: Temperature difference between bulk temperature and tube wall temperature
The Carbon dioxide bulk temperatures throughout the Outer-Outer, Outer-Inner, and Inner-Inner routes for each half disk are shown in Figures 8, 9 and 10.  An increase in bulk temperature is seen while heat energy is added to the sub-cooled fluid, until it reaches saturation at the peak, where the bulk temperature is then defined by the fluids saturation temperature, which decreases with decreasing pressure.  In reality these peaks are expected to be less sharp due to the gradual effects of sub-cooled boiling at the boundary layer.   
[image: ]
Figure 8: CO2 bulk temperature in half disk 1.


[image: ]
Figure 9: CO2 bulk temperature in half disk 2.

[image: ]
Figure 10: CO2 bulk temperature in half disk 3.
  
It is well known two phase heat transfer characteristics are better than single phase flow, therefore many presentations have emphasized the importance of having two phase flow through the critical cooling tubes in the detector.  Since if using a sub-cooling heat exchanger before/after the detector, some have suggested the need to heat the fluid to saturation before entering the critical parts of the cooling loops.  It is definitely desirable to cool the critical part of the detector after less critical parts, but this is due to the decreased saturated fluid temperature with decreasing pressure.  The fluids temperature is defined by the saturated temperature in the storage tank, and the difference in pressure through the return line from a place in the tube back to the storage tank.  A small pressure drop between a critical area of the detector and the storage tank is preferred for a temperature close to the storage tank temperature, which will be the limit of the lowest temperature achievable in the route, (zero pressure drop in the return line). Since zero pressure drop in the return line is obviously not possible, the saturation temperature will be roughly 1.6 degrees C higher for each bar in increased pressure.        
If we add a pre-heater or heat the electronics first to cause 2-Phase Flow we achieve different results of course.  Our convection coefficient increases with 2 phase flow, but the convection coefficient is not the result of interest. We are interested in the actual tube temperature, which since heating a single phase liquid raises its temperature, it actually reduces the performance of the critical area of the cooling loop due to the higher inlet temperature.  A comparison of the results of a single route with and without pre-heating to saturation beforehand is shown in Figure 11.   One can see from the graph, the integrated tube temperature in the critical area (between points 2 and 3) is higher regardless of the increased film coefficient.  
[image: ]
Figure 11:  Performance comparison of pre-heating to cause 2 phase flow; (mass flow = 6.7 grams/sec)








IV. PROPOSED PERFORMANCE OPTIMIZATION PLAN

There are other options for causing 2-phase flow besides adding a pre-heater to heat to saturation. One is using an orifice or adjustable needle valve to reduce the pressure before entering the critical areas of the cooling loop; the other is flowing less through the cooling loop, or running longer loops in series, all of which would raise the quality.  Running longer loops in series with the same pressure drop of 3.8 bar has the disadvantage of a higher saturation temperature in the beginning of the loop, (up to -14oC) and a lower safety factor for dry out.  The preferred solution would be to add an adjustable valve just after the sub-cooling heat exchanger.  This would reduce the pressure to become closer to saturation instead of raising the cooling fluids temperature up to saturation.  Achieving total saturation using the restriction is impossible since that would require a 3.8 bar pressure drop, meaning zero flow across the detector, so pre-heating would be required to achieve total saturation before entering the cooling loops.
 From the previous calculations we can see the large pressure drop and higher saturation pressures causes a higher temperature difference from -20C than the convection coefficients.  Inserting a restricting valve would move the peaks seen in Figures 8-10 down and to the left, reducing the saturated bulk temperature throughout the line.  Since the total pressure drop across the BPix and FPix must be the same, (defined by the flow needs and pressure drop of the higher of the two) the restriction placed before the inlet tubes could be adjusted to cause any desirable pressure drop through the FPix routes.  Changes or errors in the estimated flow needs or pressure drop characteristics of the BPix detector can be adjusted for using this valve, making the FPix cooling system quite independent of BPix.  For example adjusting the needle valve to become a 2.3 bar restriction would yield the remaining, and originally planned, 1.5 bar pressure drop across the rest of the cooling loops. Here the inlet conditions would then change to 21.2 bar and -20C, the inlet saturation temperature would drop from -14C to -17.5C. The lower pressure drop across the cooling loops also means a smaller temperature difference of the highest fluid temperature and the exit temperature which is defined as explained earlier and controls the temperature in the previous parts of the cooling routes.  In conclusion we can see the cooling characteristics of a 2-phase cooling apparatus with initial sub-cooling are much more complex to optimize than just aiming for high vapor quality.  
The tube wall temperature is dependent on the absolute and differential pressures across the loops, degree of sub-cooling, inlet and outlet quality, mass flow rates, flow regimes, actual tube roughness, buoyancy effects, momentum effects due to bends, and more.  Also all the calculations and resistance heating experiments will not be equal to the tubes on the actual detector.  The tubes on the actual detector will not be heated uniformly like in resistance heating.  They will have localization of higher and lower heat flux entering from areas closer to the port cards.  In the outer loops the liquid flow could be forced to the outside of the loops with forces of to 12 g’s.  The adjustable valve could be dialed in, or left fully open, during commissioning to provide the maximum cooling performance possible with the defined inlet and outlet conditions.  Further calculations could be performed using this pressure restricting valve to find an initial starting point for optimization, though with the inaccuracy of current two-phase flow empirical formulas, sub-cooled boiling effects, and unknown actual tube roughness, on site optimization will provide the best possible results.  The use of this adjustable pressure reducing valve, combined with a pre-heater if needed, would allow FPix to run at any differential pressure, any differential temperature, any flow rate, and any vapor quality possible with our given inlet and outlet conditions, ensuring optimal cooling system performance.  




















REFERENCES
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