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Abstract
The Transition Radiation Tracker (TRT) is the outermost subdetector of the Inner Tracker of ATLAS, one of the four detectors in the LHC project being built at CERN. The following document analyses several aspects of the cooling and ventilation system of the device i.e. the behavior of the CO2 flow passing through the detecting straws, the performance of the cooling system for the front-end electronics and the flow distribution of the coolant.
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1 Pressure Drop Tests for the TRT End Cap Gas Cooling System

1.1 Introduction

The Atlas Inner Detector is a cylindrical device formed by three different sub-detectors, of which the outermost is the Transition Radiation Tracker (TRT). TRT End Cap’s sensitive devices are 319488 polyamide straws forming planes, which are grouped in wheels, and those in turn are grouped into three sectors of wheels (A, B, and C). Thermal variations significantly reduce the accuracy of the sensors; therefore the temperature difference (ΔT) in one straw must not overpass 10 °C. To accomplish this task the straws are cooled by a continuous CO2 flow (dry and inert) passing through a small gap between them.

Every 16-plane wheel, CO2 has to be cooled, in order to be used again in the next set. For this purpose, a circular heat exchanger divides the 16-plane wheels. The cooling liquid receiving the thermal load is C6F14. 

The main purpose of our experiment is to measure a pressure drop of the CO2 flow passing through the heat exchanger; this pressure drop must be as small as possible. Figure 1-1 shows a CO2 flow scheme through a group of wheels.
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1.2 Experimental Set-Up
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For the tests a sector of 20.5 degrees of the whole heat exchanger was studied. It was placed between two Plexiglas boards simulating the conditions of the CO2 flow channel between the wheels. Although the fluid tested was air instead of CO2, the results of this test can be recalculated for the latter, using theoretical formulas.
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The flow was forced to pass through the gap formed by the Plexiglas and the cooling pipe, as shown in Figures 1-2 and 1-3. The absolute pressure was measured just before the fins by a pressure gauge, whose intake was in the middle of one of the walls. To assure leak tightness in the mock up, its sides were closed with a neoprene cushion attached to the walls by double-sided sticky tape. In the upper part of the Plexiglas plates three layers of fine metallic mesh were used to obtain a uniform flow before the heat exchanger.

1.3 Results of the Experiment

The measurements were taken for the full flow range that can appear in TRT wheels. Airflow through the model changed from 0 to 5.3 m3/h, which corresponds to 0 to 90 m3/h for the whole heat exchanger.

For each measured point an average value from 10 samples was taken. Table 1-1 shows the results of the measurements:

Table 1‑1. Average values of gas flow and pressure drop for different wheel designs

	
	Full Wheel Flow (m3/h)
	Sector Flow (m3/h)
	mbar
	Pascals

	Required flow for B wheels
	14.4
	0.86
	0.03
	2.9

	Design flow for B wheels
	25
	1.7
	0.06
	5.9

	Design flow for A wheels
	50
	3
	0.12
	12.1

	Design flow for C wheels
	75
	4.5
	0.22
	21.8

	Maximum test flow
	88.9
	5.3
	0.30
	29.8
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As it can be seen from the measurements results, the pressure drop for the maximum airflow of Wheel C is in the order of 20 Pascal, i.e. 2 mm H2O. The corresponding value for CO2 flow should be even smaller and should be equal to around 16 Pascal. 

1.4 Finite Element Analysis Modeling using ANSYS
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In order to check these values using finite element analysis, a 3D model of the fins, the gap between them, the pipe and the wall, was built in Ansys. This is a model of ¼ space between fins since there is a symmetry plane dividing the pipe in two sectors and another symmetry plane dividing the gap in two. The dimensions of the model are 50mm(fin length) ( 3mm(distance between the center of the pipe and the wall) ( 0.75mm(half the size of the gap between fins). Figure 1-5 shows the mesh in the model:
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The mesh used to solve this model was mapped (using bricks due to the better results of these elements in fluid problems), and the final model had more than 32.000 nodes to assure the accuracy of the results.

As boundary conditions the velocity at the top was set to be Vy=(0.75 m/s with Vx and Vz =0 m/s (50 m3/h maximum flow for Wheels A corresponding to 3 m3/h for the tested heat exchanger’s sector). Velocity (instead of the flow) was chosen as boundary condition because it is an intensive property, easier to work with.

On the pipe as well as on the right wall and the plane Z=0 (fin), Vx,y,z=0 m/s. In symmetry plane X=0, Vx=0 m/s; in the symmetry plane Z=0.75(10-3, Vz=0 m/s. In the bottom area the relative pressure was 0.

The results are shown in Figures 1-6 and 1-7:
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1.5 Conclusions

The results of the tests showed that the pressure drop in the heat exchangers ranges from 3 to 22 Pascal for the largest test airflow. In the case of the CO2 flow, pressure drops will be about 20% lower. This is acceptable from the point of view of the TRT End-cap construction. 

 Cooling efficiency of the heat exchanger

After the pressure drop tests on the CO2 heat exchanger, its heat transfer capabilities were also tested as another part of the prototype’s validation. The layout of the experiment was also simple, as shown in Figure 1-8:
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The air passed through the flow meters and was heated along the metallic pipe, which had some resistors over its outer surface. Then the air temperature was measured before after being cooled by the heat exchanger. The temperature sensors used were Pt 1000, and were connected to a computer, which used Labview as software interface with the sensors. The measurements were taken once the system reached  steady state conditions.

The amount of airflow tested covered all the flows for TRT wheels (from 25 m3/h for wheel B to 75 m3/h for wheel C). The coolant was C6F14 and its temperature varied from 15(C to 20(C. The results of this experiment are shown in the following pages.

Table 1-2 shows the airflow, the temperature before and after the exchanger and the amount of heat transferred to the coolant in the sector, as well as in a full wheel. The Table also gives the results of the tests on the heat exchanger sector.
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The obtained results show that for the 10 degrees temperature difference between the cooling liquid and air at the inlet to the heat exchanger the latter has satisfying capacity to take out the heat produced in straws (60 W, 120 W and 220 W for Wheels A, B and C respectively (ID TDR, chapter 12.9.5.2, Table 12-40).

Figure 1-9 represents the Labview display of the temperature measured by the sensors. Plot 0 represents the air temperature before the heat exchanger (highest temperature displayed); plot 1 shows the temperature of the cooling pipe (lowest one); plot 2 & 4 represent the temperatures right after the heat exchanger (the positions of all sensors are shown in Figure 1-9).
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In the picture one can see the temperature rise of the incoming flow after switching on the heaters, and the slight drop in the temperatures of the sensors placed after the heat exchanger due to the air flow increase (to the specified values).

.

2 TRT Front-End electronics cooling

2.1 Finite Element Analysis 

The heat transfer in TRT front-end electronics has been previously studied theoretically, experimentally and using finite element analysis [1]. Therefore, the finite element model built in Ansys has been acknowledged as a proper method to study further changes in the design. The main goal of this document is to show the results obtained after adapting the model from the geometry of wheel-A type to wheel B type, and for the heat dissipation values obtained from the last chips production run. Figure 2-1 represents the finite element model used to calculate the temperature distribution in wheel-A front-end electronics:
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This model represents a quarter of the whole 8-plane wheel electronics boards, the two heat sources, i.e. DTMROC and ASDBLR chips, and the heat sink (cooling pipe); its symmetry planes are X=0 and Z=0.

Changes Introduced to the FEA Model

Several changes were introduced to the previous model. First, the worst possible cooling situation for wheel A was analyzed, mirroring the model in plane X=0, and introducing different coolant temperatures in the pipes (288(K [15(C] and 293(K [20(C]). This represents the cooling situation of the front-end electronics placed nearest to the inlet-outlet of the cooling pipes, where between the inlet and outlet cooling pipes there is a temperature difference of 5 degrees. Figure 2-2 shows the meshed model for wheel A with one symmetry axis.
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Another change in the boundary conditions was the assumption of heat load dissipated by the chips. Formerly, it was assumed that ASDBLR dissipates 40 mW per channel and DTMROC dissipates 60 mW/ch. According to the information from the last production run heat dissipation per channel is 36 mW/ch for ASDBLR and 37.5 mW/ch for DTMROC. 

The adaptation of the A wheel model to the B wheel front-end electronics design was another goal of this work. 
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Cooling plate – Wheel B
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Cooling plate –Wheel A

Figure 2(3. Dimensions of cooling plates for Wheels A and B.

The 4-plane wheel in B type design is almost twice as wide as for A-type. For this reason the distance between cooling pipes and in consequence cooling plate are also much bigger (see Fig. 2-3);. Figure 2-4 represents the assumed model for B wheel. The number of nodes in the double model is 67990 to guarantee the accuracy and reliability of the results.

As it can be noticed, the models analyzed were the ones, which have thermo-conductive rubber between the electronic boards, as well as between the ASDBLR board and the cooling plate. This thermo-conductive rubber was placed to improve the heat transfer capability of the system, as explained in [1].

Further information about the changes introduced to the program code is given in the Annex (section 5).
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.

FEA results
These are the solutions given by FEA to the steady thermal problem run in the models explained before. Figure 2-5 shows the temperature distribution in the one pipe model of wheels A, with a coolant temperature of 20(C and the new heat generation (73.5 mW/ch including both kinds of chips):
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As it can be noticed, the maximum temperature is 321(K (48(C), reached in the DTMROC chip. This temperature is obtained when the worst-case conditions are applied; it means at the maximum temperature that the coolant will reach in the circuit, and adiabatic boundary conditions.

Figure 2-6 shows the result for wheel A with two cooling pipes and different temperature of the coolant (15(C and 20(C [left and right in Figure 2-6]), therefore breaking the symmetry of the heat distribution in the system. The heat generation rate is 73.5 mW/ch:

The highest temperature is 319(K (46(C) and can be found in the DTMROC chip that is placed over the pipe with 20(C coolant. The heat distribution is almost symmetric in this model. As it was expected, the highest temperature is lower than in the symmetric case due to a certain amount of heat transfer to the lowest temperature pipe, but this effect is quite small (2.5 degrees of difference between both models).
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For B wheels the same models were run, except for the geometry changes. That is, the same heat loads as in the precedent models and the same coolant temperatures were taken. Figures 2-7 and 2-8 show the B wheel model temperature distribution for the symmetric model with 20(C coolant and 73.5 mW/ch; and the asymmetric model with 15(C coolant in the left pipe and 20(C in the right one.
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In these pictures one can see that the maximum temperature, (316(K [43(C] in the symmetric model and 314(K [41(C] in the asymmetric one) is significantly smaller than for wheel A. This can be explained by a larger cooling plate surface in Wheel B geometry.

2.2 Conclusions 
To conclude this section, we could say that the temperature reached with this new power dissipated is close to the electronics safety temperature (around 45(C). The A wheel model with 20(C coolant reaches a maximum temperature of 48(C; and if the model used to calculate the temperature is the one showing both cooling pipes with 15(C and 20(C coolant, the maximum temperature drops to 46(C. 

In the case of B wheels, the temperature distribution is even better for the lifetime of the electronics, due to the fact that the temperatures reached in this case are well below this safety temperature. 

In the case of the symmetric model with 20(C coolant the maximum temperature would be 43(C, and in the case of the asymmetric model it would be 36(C, hence inside the specifications.

3 Flow Distribution Tests on the TRT Front-End Electronics Cooling System

3.1 Introduction

The object of these tests is to evaluate the flow distribution inside the pipes used to cool down the front-end electronics of Atlas TRT. The tests were made under several conditions (different position of the wheel, liquid flow and heat load) to analyze their effect on the flow distribution and on the required pumping pressure.
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As it is quite difficult to measure directly the flow through the cooling pipes without influencing the flow itself, an indirect method was used. Temperature measurements on the pipes were used as an indirect way of studying the flow distribution under different heat load situations and position changes. Figure 3-1 shows the cooling system with the elements used for the tests.
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This diagram represents the elements used for the tests; two cooling loops covering 180( of a 16-plane wheel, several heaters to simulate the heat dissipation produced by the front-end electronics, and six temperature sensors (two in each side of both outlets, and one in every inlet) to check the coolant’s temperature distribution.

3.2 Experimental Set-Up

For the experiment two parallel cooling loops were tested, representing half of a 16-plane wheel, as shown below in Figure 3-2. Over the cooling loops several heaters were placed to raise the temperature of the coolant. The same number of heaters was placed in both loops, and they were connected to an adjustable voltage supply in groups of two parallel resistors to assure that both loops get the same amount of heat.

Figure 3-2 shows the layout of the experiment, together with a diagram representing the cooling set up of an 8-plane wheel:
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With this layout it was possible to turn the wheel and check if the changes in the geometry of the experiment affected the results of the flow distribution. The cooling liquid was C6F14.
The chiller used had a flow meter connected to it to measure the amount of fluid pumped into the pipes, and two pressure gauges to display inlet and outlet pressures. To analyze the behavior of the flow (temperature difference, pressure drop) the power dissipated was 158 W, whereas the theoretical value for the design conditions is 614.4 W, for half wheel A.

The nominal amount of C6F14 flowing at these design conditions is 4180 ml/min (0.1185 kg/s), but due to pressure drop in the connectors the values of the flow used in the experiment were 1000, 1500, 2000 and 2600 ml/min. The outer diameter of the cooling pipes is 5 mm and the thickness is 0.25 mm; the length of one side of the loop is around 3 m.

Figure 3-3 shows how the different elements of the experiment were placed.



Flow Distribution Measurements

The temperature measurements were obtained using Pt-1000 sensors glued to the pipes as shown in Figure 3-1. The sensors were properly isolated from the outside environment. They were connected to a PC, which used Labview as the data Acquisition System. Figure 3-4 shows a captured screen where the temperatures were measured under different C6F14 flows.



The first segment of the plots represents the temperature difference of the coolant ((T) between the inlet and the outlet, for a C6F14 flow of 1000 ml/min. (T’s for 1500 and 2000 ml/min are also plotted. The last interval as well as the values displayed numerically beside the legend correspond to a flow of 2600 ml/min (maximum flow tested). The power dissipated in the experiment was 158 W . Table 3-1 summarizes the results:

       Table 3‑1. Measurements of the temperature differences for different coolant flow

	1000 ml/min
	1500 ml/min
	2000.ml/min
	2600 ml/min

	(T=4.3°C
	(T=3.1°C
	(T=2.4°C
	(T=1.8°C


As it was mentioned before, the reason to test smaller flows compared to the theoretical one was mainly the big pressure drop along the circuit, especially in the connectors between the cooling pipes and the chillers. The measurements of the pressure at the inlet and outlet of the cooling circuit are represented in Table 3-2:

Table 3‑2. Pressure drop for different coolant flow

	Flow (ml/min)
	Inlet Pressure (bar)
	Outlet Pressure (bar)
	Pressure Drop (bar)

	1000
	2.4
	2.10
	0.30

	1000
	2.42
	2.20
	0.22

	1500
	2
	1.20
	0.80

	1500
	2.4
	1.60
	0.80

	2000
	1.5
	-0.13
	1.63

	2000
	2.35
	0.85
	1.50

	2600
	2.25
	-0.37
	2.62


The turbulence of the flow and the considerable pressure drops showed that these values should fit a second-degree equation (parabola). They are represented graphically in Figure 3-5.



As it can be seen in Figure 3-5, the measured values fit properly along the line with small standard deviation. But the main point to remark about these measurements is the high pressure drop compared to the expected one (around 700 mbar for the design flow).

As the biggest pressure drop in the cooling circuit was expected to take place along the connectors between the aluminium pipes and the distribution pipes (due to the small diameter of these connectors), they were changed and the pressure drop was measured again to check the difference. The flows tested were 1500 ml/min and 3750 ml/min, and the results were:

	1500 ml/min
	3750 ml/min

	0.2 bar
	1.82 bar


3.3 Conclusions 

The cooling equilibrium between lines is good, but especially because the pressure used to create the flow was quite high, particularly much higher than the design pressure. Increasing the diameter of the distribution system should be considered to reduce these pressure drops. The different positions of the cooling circuit tested had no effect on the flow distribution.
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5 Annex: Changes in the Ansys model of the TRT Front-End electronics

The main changes in the program code are listed below, to give a better idea of the modified parts in the model:

· First, in the file threeD2.db, where the main code of the model can be found, the first HORIS point was changed from 0 to –0.025 to simulate the longer distance between cooling pipes in B wheels (line 21 of the code).

· To mesh correctly this new distance, the horizontal lines going from x=–0.025 to 0.001were divided into 20 segments, changing the horizontal seed from 2 to 20 (line 86).

· The file chipsdo.db was changed to create a little part of the model that was missing. This meant the extension of the aluminium plate to the origin of co-ordinates, through this short code lines:

*do,k,1,10

block,horis(1),horis(2),vertis(3),vertis(4),deep(k),deep(k+1)

*enddo

After creating these new volumes the material properties in property17.db were changed to include these volumes in 100% aluminum bracket category.

· The new heat loads were calculated proportionally from the old ones, and applied selecting the volumes between Z co-ordinates in file load64.db, as shown below:


!Heat generation in ASDBLR chips

vsel,s,loc,y,0.0123,0.0133,,1

ALLSEL,BELOW,VOLU   

bfe,all,hgen,,2.9E6


!Heat generation in DTMROC chips

vsel,s,loc,y,0.0163,0.0173,,1 

allsel,below,volu

bfe,all,hgen,,2.7E6

The convection coefficient and the coolant temperature in the asymmetric model was also set in this file, selecting the areas of the new pipe by number.

· The file used to run the program and get the new solution was wheelB.log (or wheelA.log to solve the asymmetric situation in A wheels). The code of this file is shown below, where the commands to move the working plane and mirror the model are represented:

/inp,threed2,db

/inp,volchoice,db

/inp,tubedo,db

/inp,chipsdo,db

/inp,moussedo,db

/inp,mousse4,db

/inp,property17,db

/prep7

allsel,all

WPLANE,,-0.025,0,0

csys,4

vsymm,x,all,,,100000,0,0

csys,0

allsel,all

nummrg,all

vmesh,all

finish

/inp,load64,db

/solu

solve

finish

These were the main changes introduced to find out the solutions of the new model. The program used to solve this model was Ansys 56 Research option.

6 List of Tables

6Table 1‑1. Average values of gas flow and pressure drop for different wheel designs


24Table 3‑1. Measurements of the temperature differences for different coolant flow


25Table 3‑2. Pressure drop for different coolant flow




Figure � STYLEREF 1 \s �3��� SEQ Figure \* ARABIC \s 1 �5�. Parabola fitting C6F14 pressure drop values along the cooling circuit
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Figure � STYLEREF 1 \s �1��� SEQ Figure \* ARABIC \s 1 �7�. Velocity distribution of the Air flow
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Figure � STYLEREF 1 \s �1��� SEQ Figure \* ARABIC \s 1 �8�. Experimental layout
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Figure � STYLEREF 1 \s �1��� SEQ Figure \* ARABIC \s 1 �6�. Pressure drop in the heat exchanger





Figure � STYLEREF 1 \s �1��� SEQ Figure \* ARABIC \s 1 �5�. Section of the FE model of the heat exchanger





Figure � STYLEREF 1 \s �1��� SEQ Figure \* ARABIC \s 1 �4�. Air pressure drop through the section of the heat exchanger





Figure � STYLEREF 1 \s �1��� SEQ Figure \* ARABIC \s 1 �2�. Heat exchanger and mock-up











Figure � STYLEREF 1 \s �1��� SEQ Figure \* ARABIC \s 1 �3�. Experimental set-up





Figure � STYLEREF 1 \s �1��� SEQ Figure \* ARABIC \s 1 �1�. CO2 distribution through a group of TRT wheels
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Figure � STYLEREF 1 \s �1��� SEQ Figure \* ARABIC \s 1 �9�. Labview display of the temperature distribution under a flow of 3.1 m3/h, and a coolant (C6F14) temperature of 15°C





Figure � STYLEREF 1 \s �2��� SEQ Figure \* ARABIC \s 1 �1�. Parts of the finite element model 





Figure � STYLEREF 1 \s �2��� SEQ Figure \* ARABIC \s 1 �2�. Meshed model of A-wheel front-end electronics for asymmetric heat distribution





Figure � STYLEREF 1 \s �2��4. Meshed symmetric model of B wheels front-end electronics





Figure � STYLEREF 1 \s �2��5. Temperature distribution for A wheel front-end electronics





Figure � STYLEREF 1 \s �2��6. Temperature distribution for A wheel front-end electronics with different temperatures in the cooling pipes





Figure � STYLEREF 1 \s �2��7. Temperature distribution for B wheel front-end electronics





Figure � STYLEREF 1 \s �2��8. Temperature distribution for B wheel front-end electronics with different temperatures in the cooling pipes
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Figure � STYLEREF 1 \s �3��� SEQ Figure \* ARABIC \s 1 �4�. Labview screen showing the evolution of temperatures after changing the amount of coolant flow
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Figure � STYLEREF 1 \s �3��� SEQ Figure \* ARABIC \s 1 �3�. Layout of the cooling system and different elements of the experiment
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Figure � STYLEREF 1 \s �3��� SEQ Figure \* ARABIC \s 1 �2�. Layout of the experiment with the cooling pipes in a vertical position





Figure � STYLEREF 1 \s �3��� SEQ Figure \* ARABIC \s 1 �1�. Diagram of the cooling system of half 16-plane wheel front-end electronics
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Table � STYLEREF 1 \s �1��� SEQ Table \* ARABIC \s 1 �2�. Test parameters for different air flow through the end-cap wheels
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