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Temperature in the CMS end cap calorimeter

Justin Greenhalgh, RAL, October 1999

1. introduction

I have been asked to review the design of the CMS ECAL Endcap with regard to temperature stability both in operation and under test beam conditions in a CERN experimental area. My understanding is that the hardest part of the specification calls for a nominal operating temperature of 18(C and a peak to peak variation over time of just (  0.1( C
. This requirement is much easier to set than to fulfil - such experience as I have had with temperature control systems tells me it will be difficult even to demonstrate that such a requirement has or has not been met. For completeness, the other part of the specification is that the temperature distribution along a crystal should not vary by more that 2 degrees. There is no specification for the similarity in temperature between the test condition and the operation condition. Nor is there a specification for the degree of uniformity of temperature throughout the volume of the ECAL – if the top is 1 degree hotter than the bottom that's acceptable provided it stays exactly 1 degree hotter than the bottom. The temperature may vary in space, but not in time. Fortunately the environment surrounding the ECAL in normal operation is fairly benign, and we have access to a supply of water which is itself stable in temperature to some smaller limit. The test beam area, too, will be benign and I understand that there will be an air-conditioning system giving temperature stability to around (2 degrees
. I have assumed that a suitable water supply will be available in the test beam area.

2. sources of temperature fluctuation

Having reviewed the design as I understand it
,
, I find it to be thorough with most of the possible heat sources considered. The potential sources of temperature fluctuation, which I will consider in the following sections, are

· variation of coolant temperature;

· variation of temperature in the external environment which may not be completely taken out by the heat shield arrangement – especially as regards the preshower;

· internal heat sources in the electronics local to the crystal (VPT). I understand that they will generate “no heat” and I have tried below to set a tolerance on that “zero” value;

· heat conduction through cables, hoses and mechanical supports penetrating the heat shields;

· convective circulation inside the structure.

3. material properties

I have used the following properties:


Density

Kg/m3
Specific heat

J/kg/K
conductivity

W/m/K
Sources

Aluminium alloy structure
2800
880
180
Science data book

Crystals – Lead Tungstate
8280
262 
3.22
See note below

Cooling water
1000
4200

Science data book

Insulation – expanded polystyrene (EP)


0.03
Conversion from manufacturer’s data in BTU/(hr) sqft F/in; compares with air at 0.024 W/mK

Sources for crystal properties: Density from CMS Technical Proposal, Specific heat from LGD’s note tn026 in which he quotes Lebeau. 262 J/kg/K is comparable to metals. Conductivity from hand-written note by Badier (appendix 3).

4. variation in coolant temperature

There will be two sources of coolant, one will be precisely temperature–controlled and the second will be less so. I am trying to get specifications for the two. The idea is to dump the bulk of the heat from the electronics into the less regulated stream, reserving the precision coolant for the crystal region. Since we are not providing the coolant there is little that we can do in terms of calculation. However it is worth noting that if we are to maintain the required temperature stability then the temperature of the "precision" coolant at the point where it enters the EE will need to be stable to +/-0.05(C at the most, and preferably rather better than that. This is quite a challenge in its own right.

5. thermal environment

Figures 1 and 2 give my understanding of the thermal environment at the test beam and in normal operation. In the test beam there will be a small mobile simulator for the preshower and we may need to additionally provide a thermal simulator for the whole preshower. This depends upon the quality of the local air conditioning, and it is not clear how the two preshower simulators would interact.

6. heat flows and cooling rates – overview
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The environment during operation will be rather benign – most of the surroundings are at, or near, the operating temperature of the crystals. The most demanding situation from the point of view of overall load on the cooling system will be in the test situation. I understand that the temperature is expected to be kept within +/- 2  (C of the detector. For the purposes of bounding the problem, I will consider a less benign case. If we assume an ambient temperature  5 (C above that of the detector, we have the configuration condition shown in figure 3. 
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The governing equations are

Radiation:
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[1]

which reduces to 
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[2]
Q = heat transfer rate, W

A = area, m2 (Assumed to be about 30 m2 per endcap)

(1 , (2 = emissivities of two surfaces (a product of about 0.7 is probably a realistic upper bound for this case
)

( = View factor (taken as 1, since the experiment is surrounded by the environment)

( = Stephan - Boltzman constant: 5.67x10-8, W/m2K4
Tamb, Tshield = Temperatures (absolute) of the surroundings and of the shield. K. Note that since the temperatures are close, the radiation will be roughly proportional to the simple difference in temperatures.

Convection
(Notoriously hard to be accurate):
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reduces to
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[4]
Q = heat transfer rate, W

h =  heat transfer coefficient, W/m2K. The key lies in deciding what this number should be, and there are very few sources in the literature prepared to give actual numbers. I have used a value of 9
.

A = area, m2. (Assumed to be about 30 m2per endcap)

Tamb, Tshield = Temperatures (absolute) of the surroundings and of the shield.


Conduction
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for 12mm of EP, this reduces to 
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[6]
Q = heat transfer rate, W 

k = conductivity, W/mK

A =  area, m2

t = thickness of conductive barrier, m

T1,T2 = Temperatures either side of conductive barrier, K

All of the incoming heat must be carried away by the coolant, with no significant change in coolant temperature. The relevant formula is

Coolant
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[7]
Q = heat input, W

C = specific heat capacity, W/kg.K
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The simple case is to ignore the insulation. Then for a 5 degree difference in temperature between the experimental area and the shields, we have
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 (from [2] and [4])

To limit the temperature change in the coolant to, say, .02K, we would need:
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This suggests to me that the insulation is essential. 

With the insulation, we have the situation shown in  figure 4.
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And since Q1 = Q2 we can write Q = Q1 = Q2 and
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The heat flow is around a fifth of that without insulation. This still implies a fairly high mass flow rate for the water (around 4 kg/s per Endcap) and it may be worth considering extra insulation during test and calibration, especially if the hall is unusually hot or cold. 

To recap, with 12mm of insulation, we would need a flow rate of about 2  kg/sec per Dee to limit the temperature rise in the cooling water to 0.02 degrees in a thermal environment which was 5 degrees away from the coolant temperature.

7. heat flows and cooling rates – in the test beam

The figure above, of 2 kg/sec of coolant per Dee, assumes a rather loose thermal environment (5 degrees away from the target temperature) and a minimal change in coolant temperature. If we were to control the test beam environment more carefully, and to allow a larger change in coolant temperature (which will not affect the physics AS LONG AS IT STAYS THE SAME WITH TIME), then we can reduce the required water flow rate. However, we need to be careful. If the temperature in the environment is controlled to, say, ( 2 degrees, and we manage to set it so that the middle of the range is equal to the coolant temperature, then the heat "attack" will change in sign as the air temperature cycles. This would mean that any coolant temperature change would be variable with time and so would have to be kept small. I think we should aim for 4 kg/sec per endcap, or 2 kg/sec of "precision" coolant per Dee.
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Figure 4.

Temperature nomenclature

So far, we have not of course considered the heat generated by the electronics. The simplest way to tackle this is as follows. We assume enough "low grade" cooling to limit the temperature rise in the cooling water to 1 degree, and we assume that the crystals will be affected by heat coming through the backplate from electronics cooled in this way to the same extent as if neither electronics nor cooling were present. This is a sweeping assumption but will serve to get the discussion off the ground. To limit the cooling water temperature rise to 1 degree, requires 1 kg/sec for every 4.2kW or about 0.25 kg/sec per kW of electronics heat. If we assume a maximum of 10kW per Dee, that would require 2.5kg/sec of low-grade coolant per Dee.

8. heat flows and cooling rates – in cms

It is not clear at present just how benign the temperature environment in CMS will be, and I think it would be prudent for now to budget for the same 2 kg/sec (120 l/min) of "precision" coolant per Dee, or 240 l/min for each endcap.

The electronics cooling requirement will of course remain the same, 5 kg/sec (300 l/min) of low-grade coolant per endcap.

9. Time constant of crystals.

One question which needs to be addressed is the minimum time a fluctuation in temperature needs to last in order affect the crystal temperature. We can get a handle on this by looking at the classical equations of heat flow in a solid. Carslaw and Jaeger
 give the formulae. Consider a semi-infinite solid whose surface temperature is suddenly raised by some amount. On page 60 we see that the temperature at a depth x will have risen by half the externally imposed amount when 
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Where x is the depth, t is the time, and 
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 the density and C the specific heat (page 9 eq 5). For Lead Tungstate, 
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At a depth of .01m (1 cm), the diffusion time is 
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Thus we are relatively immune to temperature changes on a short timescale (10 seconds, say) because of the rather low thermal diffusivity of Lead Tungstate.

10. Heating by the preshower and the front shield.

The preshower will be mounted very close to the front of the ECAL end caps, and not only will it generate a potentially disturbing thermal influence, it also limits our envelope locally so there will be no room for cooling pipes. I will consider radiative linkage first, as illustrated in figure 5.

This is similar mathematically to a cooling fin for which the temperature distribution is given by Carslaw and Jaeger.
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where 
[image: image20.wmf]KD

H

2

2

=

m


[9]
where

v = temperature

V = temperature at end compared with that of the surroundings. Assume 1(C.

H = heat transfer coefficient, W/m2K. We are looking at radiation for which in the worst case H is approximately 1 (derived in the table above). Since the fin is cooled on both sides but our plate is cooled on one side only we should use half the actual temperature difference, say 0.5 (C.

K = conductivity, W/mK. I use 180 for aluminium.

D = thickness of fin (plate in our case), m. A variable, but assume 0.002m for a start (2mm).

l = length of the fin, or our case, half-width of the plate. This is the distance to the nearest cooling pipe from the most isolated point, equal to about half the outer radius, or about 0.8m.

x = distance along the fin.
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  (from [8] and [9])

In other words, the temperature in the middle of the plate differs from that at the edge by about 0.5(C. This will not necessarily change the temperature in the crystals by as much, but it is clearly worth more careful scrutiny.

If we replace the air gap with a layer of insulation, then the heat transfer mechanism is conduction rather than radiation and we have, at the surface,
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 (see [5])

which for 12mm of EP (I gather we don’t actually have 12mm to play with) reduces to 
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           [10]    (from [5] and [6], noting that A was 30)

This is worse (more heating) than the radiation case – and because the conductivity of the EP is close to that of air it shows that in fact the heat transfer will be dominated by conduction even if there is an air gap. This is an area in which the design probably does not fulfil its goals and it needs more work. I checked some of the assumptions above by doing a small FE model of a semicircular plate. The macro is given in appendix 1, and the result depicted in Appendix 2. Key parameters and results were:

FEA calculation on CMS ECAL end cap front plate

(See figure in appendix 2)

Inner radius
0.5m

Outer radius
1.8m

Plate thickness
0.002m (2mm)

Temperature restraints
0 on all edges (including the diameter)

Ambient temperature
1(C above temperature of edges

Heat transfer coefficient
1 W/m2K

Plate conductivity
180 W/mK

Max temperature rise
0.4(C (cf 0.5(C by method above)

11. heat shield pipe spacing

The pipes on the heat shield need to be close enough to achieve the uniformity of temperature we are looking for. Using the same approach as above, and assuming the 12mm insulated case with a 1 degree external temperature variation:

H = 2.5 (from [10]), so we need to use an effective H of 1.25 because we are heating on one side only. Then for 2mm thick plate, 
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And so to achieve a 0.05(C difference at x = l, we need
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So the pipe spacing needs to be less than 0.5m (one pipe every 50 cm). 

12. Cooling of the back plate

My understanding is that the electronics box behind the back plate will have its casing cooled to around 18(C and that there will be a layer of insulation. If this is so, then the situation is no worse than for the rest of the shielding (and the back plate is thicker) so there should be no problems provided the pipes are on less than 0.5m pitch.

13. internal heat sources
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(left) and simplified (below).

This is a very difficult area in which to be precise without being much more specific about the internal geometry and the exact location of any heat sources. However, I note here that ANY internal heat sources will clearly present problems with the temperature specification as tight as it is. As a very simple case, consider a single crystal, with one end held at 18(C and a heat source at the other end. If all the neighbouring crystals are subject to the same heat source then they will all have the same temperature profile so there will be no heat conducted into or out of the sides of the crystal.

The conduction equation gives us 
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Q = heat input per crystal

l = length of crystal: 0.22m

A = cross-section of crystal: 0.9x10-3m2
(T = temperature drop along crystal.

k = conductivity of crystal

We want any heat sources to be negligable, so let us limit temperature rise to, say, 0.02 degrees. Then the maximum tolerable heat input per crystal becomes
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In other words, we should aim to keep variations in the power dissipated by any internal detectors to less than about 0.25 mW. My understanding is that the VPTs and other electronics mounted on the crystal generate "no heat"; this number gives a threshold above which the question should be given closer scrutiny.

14. heat conduction through cables, hoses, etc

14.1 Cables

Each crystal will have a cable to it from the electronics box. This cable will have a cross section of something like 1mm2. If the temperature where the cable is plugged into the casing of the electronics box is 2 degrees higher than the crystal temperature, and if the cables are each 0.5m long, the heat input down each cable will be (as above):
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This is inversely proportional to cable length. Noting the result in the section above, this may prove to be a problem and warrants further study, perhaps by physical tests.

14.2 Pipework etc

The only pipes I am aware of are the water pipes and gas pipes. The water hoses will of course be at the required temperature, however any metallic gas pipes would be a potential source of heat and this issue should be revisited once more details of the pipes are known.

14.3 Supports

I understand that the details of the cooling pipe layout near the support flange has not yet been decided. Further study should be made of this area once the design is done – in the meantime it would be a good idea to try to run pipes near to the location where the support ring joins the back plate.

14.4 Incoming dry gas

The supply of dry gas will be at a rather low rate and so it should not present much problem. However, steps should be taken to get it to the right temperature by, for example, routing it next to a coolant pipe rather than with power cables.

15. convection within the ecal

Given that there will be a forced circulation of cooled dry gas, and the amount of air space is very small, I would not expect natural convection within the vessel to be a problem.

16. conclusions

These calculations show that the overall thermal design of the calorimeter should achieve the required temperature stability goals. However, several points still need to be addressed which I summarise here:

1. We need to be very sure that the supply of coolant is stable in temperature. This is hard to engineer.

2. Coolant flow of about 2 kg/s (precision) plus about 2.5 kg/sec (low grade) will be needed per Dee in the test condition. If this is a problem then we would need to look more carefully at the convective regime, and consider adding extra insulation.

3. Coolant flow per Endcap of about 4 kg/sec (precision) plus about 5 kg/sec (low grade) will be needed in CMS. If this is a problem then we will need to examine the assumptions above more closely.

4. There is an issue with heat transfer from the preshower. With a 2mm thick plate cooled around the edges and a preshower temperature variability of 1(C, the front plate of the calorimeter will experience fluctuations of at least 0.5(C and these will in turn affect the crystals. We need to examine this more closely.

5. Coolant pipes should be pitched at no more than about 0.5m, and there should be pipes close to the location at which the supports join the shield.

6. Fluctuations over time in the power dissipated by any devices near the crystals should be studied further if they exceed a threshold of  0.25mW.

7. The possibility of fluctuations in heating down the electrical cables needs reviewing once the details of the cables, and of the new VPTs are clear. If the electronics box housing runs 2 degrees warmer than ambient, and the wires are 0.5m long with a cross section of 1mm2, then there may be a problem.

8. The gas pipes and any other thermally conductive services need to be looked at as regards parasitic heat conduction once their details are clearer.

9. The dry nitrogen that is to be circulated will need to be brought to the correct temperature first – not a significant challenge provided the flow rate is small.

17. Appendices

17.1 Appendix 1. ANSYS macro for heat transfer to semicircular plate.

/file,deeplate  

/PREP7  

!*  

ET,1,SHELL57

R,1,.002, , , , ,   

MP,kxx,1,180

!*  

ri=0.5  

ro=1.8

ra=(ro+ri)/2

tbulk=1

h=1  

!*

k,1,0,ri

k,2,0,ra

k,3,0,ro

k,4,0,0

k,5,0,0,10

lstr,1,2

lstr,2,3

arotat,1,2,,,,,4,5,180,2

ksel,s,loc,x,ra*(-1.01),ra*(-.99)

ksel,inve

DK,all,temp,0,0,1

ksel,all

sfa,all,1,conv,h,tbulk

ESIZE,(RO-RI)/15,

amesh,all 

fini

/solu

solve

/post1

plns,temp
17.2 Appendix 2 – ANSYS result plot

17.3 Appendix 3 – Material property sheet from Badier 

17.4 Appendix 4 – Temperature note from Dave Cockerill

Temperature control on lead tungstate crystals 


(D.Cockerill, 21.1.98)

Objective :

We are designing a detector to have a resolution of ~ 0.5 %. The data must therefore be measured to within 0.5% of what would have been obtained from a perfect detector.
Temperature variation degrades the resolution. We need to keep the degradation small, with respect to 0.5%.

Small in this case is 0.1%. 

=> (resolution due to temp < 0.1 %

When added in quadrature to 0.5%, the additional temperature contribution takes the overall resolution to 0.51%. Higher contributions than this are regarded as unacceptable.

The crystals have a 2%/oC light yield dependance,

· (temp < (resolution due to temp / 2% / oC

· (temp < 0.05 oC

This is the standard deviation limit. 

The peak to peak limit is obtained from

(temp =  P.to.P / sqrt(12) 
· P.to.P = (temp . 3.46 = 0.173 oC

Rounding the 0.173 oC to 0.2 oC, 

1) Peak to peak limit for temperature variation is 0.2 oC, or ( 0.1 oC.
And, with related arguments, one can similarly set :

2) From one end of the crystal to the other (T < 2.0 oC
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Figure 6.


Heat conduction along a single crystal








� Note by D Cockerill on the CMS web pages, reproduced in appendix 4. Additional private discussions.


� Private communication, D Cockerill and C Ferrari.


� Private communication, Len Denton


� TDL002/040


� The value of 0.7 was determined in tests for the radiative cooling system of the Gemini telescope primary mirror, see Gemini report number RPT-RAL-G0036. This system used special paints to improve radiative transfer.


� Private communication, DA Cragg


� “Conduction of Heat in Solids”, 2nd ed, 1959, Clarendon Press
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Figure 3.



Simplified model of heat transfer into ECAL.
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Figure 4.



Temperature nomenclature
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Figure 5.



Radiation onto front plate. Idealised (left) and simplified (below).
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Figure 1.



Thermal environment in test configuration
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Figure 2.



Thermal environment during  normal operation
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