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Summary Report on the MIR 20.0 ft. Dipole Magnet 
Performance/Thermal Test. 

Introduction 

A formal request for the development of a test plan for the MIR dipole 
was made on November 23,1993 (see attachment #l). The test would 
evaluate the effects of the thermal stresses exerted on the coil assembly as a 
result of expected thermal expansion. 

Some preliminary calculations for the coil assembly time constant and 
the thermal reaction forces within the coil assembly, resulting from thermal 
expansion, followed the initial test plan request. 

Initially, the proposed test plan called for a performance test to be 
conducted at power levels equal and below the specified design level (2000, 
3500 and 5000 Amps DC) followed by an insulation thermal cycle life test. The 
thermal cycle test would be repeated for a reversed flow direction and finally, 
the coil will be subjected to twice the normal magnitude of thermal 
expansion and contraction by reversing the flow direction after every cycle (a 
cycle being powering the coil until temperatures stabilize and then tuning 
the power off until temperatures are back to the originating temperature). 

The final draft for the thermal test came from the Accelerator 
Division/Main Injector department (see attachment #2). This plan called for a 
performance/thermal test to be conducted at power levels equal and above 
the specified design level (5000,700O and 9500 Amps DC). Two sets of 
measurements were taken; the first being with cold water entering at the coil 
center and exiting at the outer turn (see Figure 1) while the second set will 
represent the reverse setup (see Figure 2). It was also requested that test 
calculations be performed prior to conducting the test for investigative and 
comparative reasons. 

The decision whether or not to perform the insulation thermal cycle 
life test was reserved for a later time, after analyzing the 
performance/thermal test results and studying the thermal cycle life test 
requirements. 

This report will deal mostly with the performance/thermal test, its 
objectives, calculations, procedure, results, conclusions and observations. 

Test Obiectiveg 

There are four main objectives to the performance/thermal test: 

a. Learn about the magnet performance and behavior when subjected to 
almost twice its rated current namely, 9500 Amps DC (when at normal 
operating conditions the current is not expected to exceed 5000 Amps RMS) 



Figure 1: Present Design Scheme-LCU Enters at Coil Center 

Figure 2: Proposed Design Scheme-LCW Enters at Outer Turn 



b. Compare calculated performance values such as water/coil temperatures 
and coil thermal expansion when water flow rate and pressure differential 
are constant and their relationship to the change in current levels (5000 and 
9500 Amps DC). 

c. Compare magnet performance when cold water enters the coil at the center 
and exits at the outer turn (see Figure 1) to that when cold water enters the 
coil at the outer turn and exits at the coil center (see Figure 2). 

d. Gather information and data which will be used to evaluate the need and 
feasibility for a second phase testing, namely, a thermal cycle life test. This 
test would simulate operating conditions in the tunnel and help in 
understanding the behavior of the insulation system when exposed to 
cyclic mode of power off and on situations. Fatigue is the suspected mode of 
failure and such a test would verify the integrity of the insulation. 

Test Calculations 

A mechanical model of the coil assembly should take into 
consideration the interaction and interdependency between the various turns 
and the epoxy between them as well as the effects that the coil assembly ends 
have on the -interaction between turns. The proposed model (for half of a coil 
assembly) consists of four springs in parallel, where each spring represents the 
various turns. It is assumed that all the turns have the same length. Since 
they have the same cross sectional area and are made from the same material 
it can be assumed that they all have the same spring constant. For each spring 
(turn) the spring constant will be: 

KM =i=K,=K1=K,=:K. 
where: 

A -cross sectional area of the coil - 4.0x1.0 inch2 
E-modulus of elasticity - for copper - 17 x 106psi 
L- length of coil section [inch] 

the spring deflection will be: 

x=s=aLAT 

where: 

a -coefficient of thermal expansion - for copper - 9.8 x 10d - 
in 1 

inxF” 
AT -temperature change 

and thus the force will be: 



, 

F=KX=$xt%AT=AE& 

As shown in Figure 3 b the two parallel springs 0 and 8 can be 
replaced with an equivalent new spring having a spring constant of : 

K ,kK,+Ks2K 

the force associated with these springs is that of the inner spring, namely, in 
this case spring 0, and its value will be: 

F, = AEaATt 

and thus the deflection of the new equivalent spring will be: 

@LL a4EATI = cdEATiL = uAT,L 6, =- 
K$ 2K 2AE 2 2 

Namely, that due to the end effect, the total deflection of two turns when the 
inner one is trying to expand will amount to half the expansion of an 
independent inner turn. 

Similarly the same method can be applied for springs @ and 0 (see 
Figure 3 c) which will be replaced by an equivalent spring having a spring 
constant ok 

(a) (b) (cl Cd) 

Figure 3: Spring Model Simulating End Coil Assembly. 

and the associated force: 

F, = AEaAT, 



The final model 
(see Figure 3 d) which 
a spring constant of: 

, will consist of the two equivalent springs in parallel 
again will be replaced by one equivalent spring having 

Kr = K &KJ.=4K 

The associated forces acting on this spring will consist of forces FI and FS in 
addition to forces Fz and F4 which have not been accounted for earlier. Thus, 
the overall displacement of the whole system will be: 

&=F’ 
4K 

where: 

Fr=Fa+Fz+F,+F. 

thus: 

sI = ML(ATI + ATa + AT, + AT,) QL 
4AE =?(ATt+ATz+AT,+AT,) 

where: 
AT,; AT,; AT,; AT4 - average temperature values calculated at mid-point 

locations of each turn (points # 2 ; 6 ; 10 ; 14) for half 
the coil assembly A, B, C, D, as shown in Figure 4. 

thus: 

da = i(~. + AT‘+ ATI~ + AT”) 

Assuming the change in temperature is directly proportional to the length: 

where: 
A?- overall temperature differential of the coil assembly [CO] 

Calculate the overall temperature differential - AT: 

where: 
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P.. -average power, produced by the coil, to be dissipated into the 
water. [kW] 

ti - mass flow rate through the coil [kg/set] 
c, - specific heat of water [4.2 kJ/kg Co at 3OO”K] 

when calculating AT for water : 

AT= pm.’ 
Qx.0631 x 4.2 

where: 

thus: 
Q- volumetric flow rate [GPM] 

AT = P-.x3.8 

4 

P m=I*R 

where: 
R-the total magnet resistance [ 7.4 x lO’Q] 
1/2R -resistance of a single coil [ 3.7 x lO+R] 

for I = 5,OOOAmps: 

Pa..= 5,000* x 3.7 x lOA = 9.25kW 

and: 

AT = 9.25x3.8 
4.0 

=8.8OC=15.8’F 

for I = 9,SOOAmps: 

and: 

P m.= 9,5002 x 3.7 x lo+ = 33.4kW 

AT = 33.4 x 3.8 
4.0 

= 3L7OC = 57.1°F 

The values for the average temperatures ATt;ATiATI,;ATI. will then be: 
for I = 5,OOOAmps: 
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for I = 9,SOOAmps: 

These values of AT can now be used in the expression for the coil 
assembly total expansion developed earlier using the spring model (see page 
4): 

for I = 5,000 Amps: 

d= 9.8~10~ x125 
4 

(2.0+5.9+9.9+13.9) 

=3.063x10d x31.7=9.71xlO”in. 

for I = 9300 Amps: 

sr= 9.8~10~ x125 
4 

(7.16+21.5+35.8+50.0) 

= 3.063 x lo4 x 114.5 =.035in 

Now, that we have the overall deflection of the coil assembly (at the 
end), it is possible to estimate the load (in tension or compression) acting on 
the insulation between the turns at the end of the coil assembly. 

The load exerted on each bar (turn) will be equal to the difference 
between the force which results from the thermal expansion of an individual 
turn and the force resulting from the total deflection of the whole assembly, 
namely: 

Fe, = K(&-&)= 5xJ+T-4ATt.,) 

The load on the insulation ls a product of the force balance of two 
adjacent bars acting on the insulation between them, namely: 

Fw., = Ft.. I)- Ft.1 

The magnitude of the various forces acting on the bars as well as those 
acting on the insulation between the bars is summarized in Table 1. The force 
on the insulation is actually an average of the differential forces between two 
adjacent bars. Those differential forces are not equal in each case due to round 
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off errors. Note that regardless of the water direction, the two turns closer to 
the water inlet into the coil are in tension while the two turns closer to the 
water exit are in compression. However, the insulation between those turns 
is in tension when the water exits the coil assembly at the outer turn and in 
compression when the water exit is at the inner turn. 

Table 1: Forces on Bar & insulation @ coil end 

Amps~ 

5,ooo 
5,ooo 
5,ooo 
5,ooo 
930 
9300 
gm 
9.500 

Bar # (hot to cold) Force on Bar Us.1 

-3,982 
-1,316 
139 
3,958 

-14251 
4,788 
4,741 
14298 

Ave. Force on Insu. 
(Lbs.1 

2,647 

9,516 

Given the above loads, it is possible to calculate the deformation in the 
insulation. 

The deformation can be calculated, using Hooke’s law as: 

a = F-.,.x1 
ExA 

where: 
I- insulation thickness (gap between two conductors) - .125 in. 
E - modulus of elasticity for epoxy in tension and compression. 

using Material Development Lab test data for irradiated epoxy 
E = 150,OOOpsi (see attachment 4) 

A - cross-sectional area of the epoxy along a 1.0 inch span. (1.0 x 4.0ia2) 
Note that this is the projected area of the coil cross-section. 

Calculate the deformation of the insulation over a 1.0 inch span (since 

that has been all along the area used for spring constant Y): 

for I = 5,000 Amps: 

6 
2,647x.125 

-.= 1.5 x lo5 x LO x 4.0 
=5.5xlO’in 



for I = 990 Amps: 

sm.= 9,516x.125 
1.5x10’xL0x4.0 

= L98 x 10e3in. 

Calculate the stresses (tension/compression) in the insulation over a 
1.0 inch span: 

for I = 5,000 Amps: 

Q-.trc =-= 2,647 Fh.” 
A LOX 4.0 

= 662. Opsi 

for I = 9300 Amps: 

Fh.” 
bmn.rrc=-= 9,516 

A 1.0x 4.0 
= 2,379.Opsi 

This value is lower than the lowest tensile strength value measured at 
Material Development Lab for irradiated epoxy test samples of approximately 
6,000 psi. (see attachment 4) 

The shear stress can be obtained based on the tension/compression 
deformation calculated earlier for the 1.0 inch long insulation area (1.0x4.0 
inch*). The shearing strain for small angular deformation y is proportional 
to the shearing stress for values within the elastic range and Hooke’s law for 
shear becomes: 

where: 
y - angular deformation [radians] 
G - modulus of elastidty in shear [psi] 

The mathematical relationship between the elastic constants E and 
Gisgivenby: 

where: 
p - Poisson’s ratio 

for Epoxy an average value is 34 2 

G= 150,ooo 
2(1+. 34) 

= 55,970 - 56, OOOpsi 
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The angular deformation y (see Figure 5) will be: 

where: 
I- insulation thickness <gap between two conductors) - .125 in. 

for I = 5,000 Amps: 

5.5 x lo4 
tally= 

.125 
= 4.4 xlo-3 

y =.252’= 4.4 x 10-3rad. 

for I = 9300 Amps: 

1.98 x 1O-3 
mny= 

.125 
= 1.58 x lo-* 

y =.91°= 1.58 x 1O”rad. 

The maximum shear stress in the insulation near the coil ends (see Figure 5) 
will be: 
for I = 5,000 Amps: 

crT = 4.4 x 10” x 56,000 = 2464psi 

for I = 9300 Amps: 

a. = 1.58 x lo’* x 56,ooO = 884.8psi 

In the case where the hot water exits the coil assembly at the center, we have 
the phenomenon in which the inner coil is trying to expand while the 
adjacent turn is holding it back thus putting it in compression. Unlike the 
other turns, the inner turn does not have supports on both sides, a fact which 
could cause it to be in a buckling mode. 

The critical buckling force for the inner turn can be calculated using 
Euler formula for columns. The Euler formula for a column with one end 
fixed and one end free is: 

pa= ~XEX~ 
41* 

. 



where: 
I - moment of inertia of the coil cross section (1.0x4.0 inch) 

* 4x13 = - =. 33in4 
12 

Figure 5: Shear Area at the Coil Assembly End 

thus: 

pk = It x I7 x 1o6x-33 = $385 
4 x 125’ 

. 91bs 

This critical load is substantially smaller than the expected compressive loads 
(see table above) and can be a concern if the insulation next to it becomes 
delaminated. Apparently, the epoxy as wefl as the insulating fiberglass tapes 
are causing the whole coil assembly to act as one rather than individual coil 
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turns. This scenario explains the coil assembly’s apparent stability in spite of 
the calculated instability shown above. 

Calculate the critical load for four turns working in unison: 

I=!-+=21 33in4 
12 * 

and: 

per = ’ ’ 17X lo6 x 21*33 = 57 
4 x 125* , 2611bs 

This critical load is much larger than the maximum expected compressive 
load and thus, if the assumption could be made that the assembly is working 
as one unit, buckling would not be of concern. 

Test Procedure and Setup 

Magnet lDBOO3 was tested on stand C at MTP. The following data was 
recorded throughout the test: 

l Water supply/return temperature going into or out of the manifold which 
is common to both the upper and lower coil assemblies. (TCl in Figure 6) 

l Water return/supply temperatures for both upper and lower coil 
assemblies. (TClOA&B in Figure 6) 

l Coil temperatures at the inner and outer turns at each coil assembly (upper 
and lower), total of eight locations per magnet. (TC2 through TC9 in 
Figure 6) 

l Thermal expansion of the coil assemblies measured at the inner and outer 
turns of each coil assembly (upper and lower), total of eight locations per 
magnet. (see Figure 7) 

l The time it took for coil temperatures to stabilize when the magnet was 
powered-up and similarly when power was turned off. 

l Flow rate to each coil assembly taken just before temperatures were 
recorded. 

l Pressure differential over the entire magnet was measured and recorded as 
well just before temperatures were recorded. 
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LEAD END 

RETURN END 

Figure 6: Thermocouple Setup 



LEAD END 

w 
RETURN END 

Figure 7: Dial Indicators Setup 



The test consists of two parts. In the first part of the test, the cold water 
enters the coil assembly through the manifold at the lead end and into the 
inner turn, while the exit port is at the outer turn. (see Figure 1) In the 
second part of the test the water hookups are reversed, the cold water enters 
the coil assembly at the outer turn and exits at the coil center. (see Figure 2) 
Each part of the test is comprised of three different cycles, one for each power 
level (= 5,000,7,000 and 9,500 Amps DC). Each cycle is made of a power on 
segment and a power off segment. A segment duration extends between the 
time the magnet was powered on or turned off, to the time temperatures 
stabilized. Thus; 

1 Test = 2 Parts; 1 Part = 3 cycles = 6 segments 

The magnet was instrumented with thermocouples which in most 
cases were bonded directly to the coil insulation on top of the coil assembly on 
the narrow side of the copper conductor (see Figure 6). The thermocouples 
dedicated to measuring the water supply and return temperatures were 
bonded directly on the coil’s bare copper. All thermocouples (total of eleven 
channels), were connected to an Omega channel recorder unit. Temperatures 
of all eleven channels were recorded at various time intervals (ranging from 
3 to 8 minutes) during a test segment. 

Measurements of the coil assembly thermal expansion were taken by 
utilizing dial indicators, which picked-up the movements of both the inner 
and the outer turns of the coil assembly. To eliminate magnetic interference, 
the dial indicators were placed away from the coil assembly, while the motion 
of the coil assembly was transferred to the dial indicators via G-10 rods which 
were in contact with the coil assembly surfaces (see Figure 7). The.reading of 
the dial indicators took place at the end of each test segment At the end of 
each power off segment, all dial indicators were set back to zero. 

Discussion of Results 

The performance/thermal test results for the low and high power 
levels (=5,000 and 9,500 Amps DC) were compiled in Table 2. An analysis of 
the test results indicated the following 
Temperature: The calculated temperature rise for power input of 10.6 kW in’s 
dipole magnet and flow rate of 5.0 GPM was 8.0 Co (per John Satti - see 
Attachment #3). The calculated temperature rise for 5,000 Amps DC and a 
flow rate of 4.0 GPM was 8.8 Co&e page 5). These calculated values are not 
too far off from the average measured temperature rise of 8.2 Co (see Table 3). 
The difference can be attributed to the fact that while some of the heat 
generated in the coil apparently was removed by conduction via the steel core 
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Z 

Table t: Performancfierrnal Test Results-MIR Dipole t2OJMt.t) 

lbklSUR&l. 
Y&PT Mu*b 

Ttalc to Flaw AP Lcw 
location lmilsl ATbin [CPM (psi1 inlet 

out/upp/L 9.0 11.0 18.0 4.0 33.9 centn 
out/u&L 8.9 9.0 7.0 4.0 33.9 enw 

Table 3: Comparison of calculated and measured values 

Prv-Y I 
Calculated 

I 

Measured 
Value Value [Ave.] 

tAmpsDc1 
ATIc” 8.8 31.7 8.2 28.0 

6 [inch) 9.7x10-’ a35 9.4x10-’ .cMo 
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and some by convection into the air surrounding the coil assembly ends, the 
calculated value of 8.8 Co assumed that all of the heat was transferred into the 
water. Another contributing factor may have been the fact that the 
thermocouples were mounted on the insulation. The highest temperature 
rise of 28.4 Co was recorded when the magnet was powered to approximately 
9,500 Amps DC. This value would have been somewhat lower ( m25.0 Co) in 
the case of 5.0 GPM which is the expected flow rate in the tunnel. Overall the 
measured results values were lower than the calculated values by less than 
15%. 
Thermal expansion: The thermal expansion was calculated using the parallel 
spring model (see page 2). The assumptions were that all the turns have the 
same length and that all the materials involved were acting within their 
elastic limits. Some other assumptions were that the coil turns were acting as 
individual units (as oppose to one continuous coil) activated by a single load 
which resulted from the thermal expansion. It was also assumed that each of 
the turns (or actually half a turn) had a constant temperature differential 
associated with it (AT,,AT,, etc.). The calculated and measured results 
compared quite well (less than 15% difference) as shown in Table 3. This 
difference can be attributed to the assumptions made while using the model 
as well as to the accuracy of the measurements taken. 
Stresses: The performance/thermal test did not measure stresses. In 
calculating the stresses of the insulation it was assumed that the epoxy 
material was following Hooke’s law and that the epoxy was within its elastic 
limits. The highest calculated value of the tension/compression stress, 
calculated for 9,500 Amps DC, (see page 8) was less than half the lowest tensile 
strength value measured for irradiated epoxy samples at h4DL. (see 
attachment 4) In calculating the shear stresses it was assumed that its 
maximum level will develop at an area farthest from the magnet mid-point 
(at coil end), on the straight portion of the coil turn (see Figure 5). While the 
epoxy between the cross turns (the portion of the coil which is perpendicular 
to the magnet center line) is in tension or compression, the epoxy along the 
coil length is in shear. Here as well, the angular deformation was derived 
from the compression (or tension) of 1.0 X 4.0 inch’ projected area of epoxy at 
the coil end portion. Though being somewhat conservative, the assumptions 
used seem to follow a logical approach. The maximum calculated shear stress 
is as low as the lowest value of shear strength measured at MDL during an 
overlap shear test, using Fermi’s curing schedule on a l/4 inch test sample. 
This calculated value however, is about 30% lower than the lowest average 
value obtained during the overlap shear test. (see attachment 5) 
Buckling load: Although the calculated critical buckling load for a single turn 
is lower than the highest calculated compressive load, it is assumed that all 
four turns act as an assembly thus, preventing the inner coil from buckling. 
Calculation of the critical buckling load for a bar having a cross-sectional area 
equivalent to four turns yielded a critical buckling load which was far greater 
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than any expected compressive load. Hence, assuming the epoxy is holding 
the turns together, buckling should not be a concern. 
Pressure differential: The pressure differential per coil assembly at 5.0 GPM, 
was calculated both by hand and by using computer programs. The hand 
calculated pressure differential of 42.0 psi (see Appendix A) is within flO% of 
the 38.0 psi obtained by John Satti when he used his computer program (see 
attachment 3) or the 45.0 psi obtained by me through another computer 
program 3. The calculated value for APm at 4.0 GPM (using the same 
relationship shown on page 19 Appendix A) is 15% lower than the value 
measured at MTP. This difference can be attributed to the fact that MTP is not 
geared to measure the pressure differential across a magnet as well as to the 
fact that the calculations did not take into account pressure losses due to 
turns, elbows, restrictors etc. 

Observation and ConcludinP remarks 

Most of the test objectives were accomplished: 

a. No problems were evidenced during the magnet powering to 9,500 Amps 
DC (which is about twice the expected operating current level, or 3.6 times the 
operating power level) 

b. Calculations and test results for water/coil temperatures and coil thermal 
expansion were compared for power levels of 5,000 and 9,500 Amps DC (see 
Table 3 and discussion page 12 - 14). 

c. There was no apparent difference in the magnet performance when cold 
water entered the coil assembly at the center and exited at the outer turn to 
that when cold water entered at the outer turn and exited at the coil center. 

d. The information to be used for a possible second phase thermal cycle life 
test was obtained. Specifically, the so called time constant or the cycle time it 
took for the coil temperatures to stabilize at the end of power on/power off 
test segments. However, this subject n&s more analysis. 

Overall, results from the performance/thermal test were somewhat 
encouraging. No apparent problem was observed during the test 
Comparatively speaking, the temperature rise results as well as the thermal 
expansion test results came close to the calculated values. However, in order 
to support and understand. the test results, a finite element analysis model of 
the coil assembly should be produced. The objective being to reach an 
agreement between the test results, the mathematical and analytical results. A 
first step can be a simplified finite element analysis model representing two 
adjacent coils and the insulation between them. The pattern of stresses in the 
insulation when subjected to relative motion between the bars as a result of 
AT, (thermal expansion) can be compared to that established in the 
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mathematical model. Ultimately, however a full finite element model of the 
coil (or l/4 of it) should be established which could then be expanded to 
include fatigue analysis. 

The long term reliability of the insulation should be further studied. 
The need, feasibility and extent of the thermal cycle life test should be looked 
into. As the calculated stress values proved to be quite significant I feel that 
the insulation fatigue issues should be recognized. The higher the stress, the 
fewer will be the cycles before failure can be expected. I strongly recommend 
that at least one full size model be subjected to a life test, although such a test 
would most likely be a lengthy one. The main concern in a long term 
operation of the magnet in the tunnel is that of the possible cycle fatigue 
resulting from Rower on and off situations. The long term cycle life test is 
intended to simulate that scenario. The high and low cycle fatigue in organic 
composites with glass fibers should be studied, or more specifically, the failure 
modes of insulation in magnets or similar electrical systems. 

Another open issue would be the determination of the method for 
testing the integrity of the insulation after the completion of the test. Testing 
methods like the AC Corona testing or the Ultrasound test should be studied 
and possibly be employed either on-site or at an outside facility. 

Neither the calculations nor the performance/thermal test have 
demonstrated a significant difference in the magnet performance between the 
two LCW hookup schemes. The insulation is under tension or compression 
depending on the scheme used. As to shear in the insulation, according to my 
model, there should not be a difference. However, in the scheme in which 
the water exits in the coil center, there is the possibility of buckling of the 
inner turn. This area should be further investigated, since depending on the 
strength of the bond between the copper and the epoxy that coil could possibly 
buckle in the direction of the magnet center line. (see buckling calculations on 
page 9) 

Recently, I have been working with MDL on developing tests and 
analyzing data already generated of epoxy and copper coated epoxy samples 
which were tested in shear, tension, compression and flexure. Some test 
specimens were also irradiated prior to being tested. Other tests involve 
column buckling of single copper bars as well as two bonded bar assembly 
using epoxy and fiberglass tape, to determine the strength of the assembly. 
This data can be used to support the analysis. 

In conclusion, this test and the analysis done thus far have given us a 
better understanding of the state of stresses in the coil insulation. However, 
more work is reqired in order to have the means to qualify the magnet design 
and long term performance. 
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To: 

From: 

Subject: 

form1 Natlonrl Accrlorrtor laboratory 

Fermilab 
fochnlc8l Support Englneorlng 
Convontlonrl Magna fwlllty 18-t 
P.O. Box SO0 - Brtrvlr, llllnolr SOS10 
MSI 314 

November 23. 1993 

Arie Lipski 

Nelson Chester 

lIc.rmal Test for Fermi Main tnjcctor Dipole Magnet 

Confirming our conversation today, I would like to have you develop a Test Plan for the Main 
Injector Dipole Coil Assemblies that will evaluate the effects of the mechanical stresses placed on 
the coil assembly as a result of expected thermal variations. 

I would like you to begin this project after Thanksgiving and have a first dmft of a Test Plan 

L 
roposal ready by the end of December. The following people should be able to give you input: 
ave Harding, Phil Martin, Bruce Brown, Jim K&y, and John Sani, as well as myxlf. 

11 would be good if you can join in on the Main Injector Magnet Project Group meetings that are 
held way Monday at I:30 PM in the HeadquarIen Conference R-m to give a status update and 
have an audience to hear questions you may have. 

The Main Injector magnets arc produced in two Iengths: I&J” and 240”. Since the thermal &ecu 
would appear to be more scvert in the longer olagnct 1 would propose you focus your thoughts on 
that kngth magnet. Jack McBride can help provide you with drawing numbers for various parts of 
the subject magnets as you need them. 

One of the possibilities for a test that may be tried is to ~kctkally heat the coil(s) and then pass 
coolant through the coil passages in an air-wine fwh*- in such 3 fashion 3s to thcml cvclc the 
assembly. This possibility has yet to be UIUU~IN inrough in its entirety ;tnd developed. It IlWJ vI 

may not be appropriate but it can be considered. Once you come back from vacation after 
Thanksgiving, lets plan to get together so that I can help bring you up to speed on the magnet 
design. 

PC T. Nicol 
G. Pewitt 
P. Martin 
; p&Ii? 

Jik Kerby 

Attachment 1 



Fermilab 
Main Injector Depaftmerrt 
Mail Station 323, X4547 

February 7, 19% 

To: Gale Pewht 

From: Phil Martin 

Subject= Thermal Test of Maln Injector Dip010 

Following up on out telephone conversation of Ffiflay, February 4, this memo is 

intended to document what it is we agreed we would like done. 

1. Measurements should b8 made of the some of the temperature-related properties of 

an Ml dipole. These include thermal expansiocl as measured with dial indicators, and 

inlet and outlet water temperatures (of conductor temperatures) as measured with 

thermocouples. The measurements should be done at several currents, e.g. 5ooO A, 

7000 A and 9500 A, and with water connections in two configurations, in which the 

outer turn of the magnet is either the coolest of the hottest. The measurements may be 

done by recording data manually, but the measurements need to document the 

response vs. t’kn8: Each m&3SUf&?Iti ShoUtd be f-ted at&St once in order to 

assist In assessing the measurement errors. m m~rements should be done on,a 

6-m dipole when one is mounted on the test stand at MTc however, the relative 

priority of this is not so high as to require that a 6-m dipole be mounted immediately. 

Me&uh& ineasurm~s on a 4-m dipole would be definitely worthwhile. 

2. These measurements should be accompanied by (ideally, preceded by) 
calcutat’orrs of the same quantities being measured. $t &Wtii, cakufatfons of the 

6$&d S&_esseS irr th8 eQoXy ShOUldafsO be d&. -a 
3. Onc8 this first series of measurek~ts and calculations are done, we will discuss 

what, if any, further tests, especially extensive thermal cycling, should be done, and if 

so, Hlh8r8 th8~e should b8 done, with which magnet(S), and what th8 full ~$8 of th8 
tests include, q@~i*s magnet &sseotlorr, 8tc, 
4. The preliminary measurements should be completed no later than** i, so that, 

prior to the WE ER Semiannual Review, we have time to analyze the results and 

formulate our plar\s for further testing. W 
* - -. 

cc s. Holm8s 0.80g8ft N. Chester 

A.upskp 0. Harding 8.8fown 
P. Mazw T. .NkxA J. KS&y 
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Cohn Stto 
02-?2-1993 

DIAMETER = . j in LENGTH = 180 ft POWER * 1’3.6 I;W 
DESMU) T’khw3t~‘fI~RE (‘WWGE = 8 “C 
AVAIlABLE PRESSWE DROP = 38 psi 

THE INITIAL FRItXlON FACTOR = O.OL99 

‘WE INITIAI. PRESSl~RE OROP = 38.9 psi 

WE REQLJIRfD FLOW RAlE 
F0R THE AVAILABLE PRESSURE DROP = 5.0 GPM 

THE REQUIRED REYNOLDS IWMBER = 51739 
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APPENDIX A 



Checking some of the values used by John Satti in his calculations: 

Given: 

AP N = lOOpsi 
L=18Ofi 

where: 
L - length of coil [ft] 

D - diameter of the water passage in the coil - [fi]-.SOin =.Od2fi 
p -density lb/B3 - for water @ 7OFo p = 62.3lblfi’ 
f-friction factor derived from the Moody diagram 

f =. 019 (per John Satti) 
thus: 

q=VxA 

where: 
q -volumetric flow rate [ fi3/secl 
A -flow area ifi*] 

A=XD’= Xx.042* 
4 4 

=.0014jP 

fr’ q = 13.52~0014 =.019- = 8.5GPA4 
SW 

Next, the pressure drop for the magnet at q = S.OGPM =.Ol lfi’/sex can be 
checked, since that is the expected flow for the MlR dipole in the tunnel. 

v= 2% = 7.9& 
.0014 see 
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where: 
p -absolute viscosity [ b/(fi)(stc)] 

for water @ 70 Fo p = 6.72 x lOa fb/(fi)(se~) 

R 62.3 x7.96x.042 0= 
6.72 x lo4 

=31,000~4,000 

The pressure drop is: 

Ap= PXf XLXV’ 
144xDx2g 

where: 

thus: 
f-derived from the Moody diagram - ,023 for smooth pipe. 

~ =5 62.3x.023x 180 x 7.96’ 
144x.042x 2 x 32.2 

= 42psi 

It was assumed that after adding to the above pressure drop additional losses 
due to manifolding and elbows that the total pressure drop will be - SOpsi. 

The expected flow during the test at MTP which will simulate the working 
conditions at the tunnel was calculated as follow: 

where: 
API and q,- pressure drop and flow at the tunnel respectively. 
&‘nr andq,- pressure drop and flow at MTF respectively l 

thus: 

1 

xS.O=SSGPM 

As it turned out, due to system limitation at MTF, the maximum flow 
rate which could be produced during the test was only 4.0 GPM. 
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APPENDIX B 
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MIR 20.2 ft. dipole NIDBOO3 performance/thermal test data 

Part A: LCW Hz0 into center of coil assembly (using two return Iines.) 

Room temp + 5000 Amps: 

Flow rate AQ was balanced @ 4.0 CPM/coil 
AP = 110/24 (stand supply vs. return) 

- 15s Power wai turned >n to5CbAn 
15:lO 110/‘24 4.0 4.0 83 
1516 110/24 4.0 4.0 8.9 
1521 112/26 4.0 4.0 92 
1526 112/26 4.0 4.0 9.4 
1530 112/26 4.0 4.0 95 

5 
10.9 
12.4 
125 
12.4 
12.4 

13.2 11.1 13.4 
153 12.0 15.1 
15.8 12.1 15.1 
15.8 122 15.3 
15.9 12.3 15.1 

11.1 12.6 9.6 12.8 14.7 15.o 
12.2 13.7 10.2 13.7 16.8 16.1 
12.3 14.1 10.6 14.0 17.2 163 
12.3 14.2 10.8 14.7 17.3 163 
12.3 14.3 10.9 14.7 17.7 163 

Dial Indicator Readings: 

t1 0.008 #5 .009 
t2 0.011 #6 .009 
%3 .008 #7 .009 
u4.00925 #a .007 

Dial Indicator Readinns: 
. 

n1 .002 Its .oOl 
#2 303 #6 .OOl 
#3 .ooo #7 .ooo 
#4 .oOl #8 400 

Dial indicators were set back to zero. 

Tim AP A& aQI TCl TQ TC3 TC4 TCS TC6 ‘XC7 ‘l-C8 ‘X9 TClOA TClOB 

f;~%$d,;m~~~2 (MINI (PSI] [GPMI IGPMI ICI 93 10.0 K*I 132 14.9 1’0” [@I 20.4 16.6 1’0.4 (Co1 12.7 13.9 110.6 PI 163 19.2 I’“” [Co1 12.9 14.1 Ill.0 [Co1 16.0 18.0 19.2 [Co1 113 12.4 lll.0 Vi 16.6 19.0 IQ.4 23.1 (Co1 18.8 1;;; 20.4 Cl 1 
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Test started again since the magnet was tripped 

Time AP mu ml Tc1 TC2 TQ TC4 ‘ES TC6 TC7 TC8 TO TClOA ITClOB ' 
[MN ml WMI KPMI [CO1 KOI KY Cl Cl I@1 [Cl [co1 ia Cl 

_ Power was turned baclc on to 7048 Amps 
lb3 

16:42 110/2S - 7048 8.7 9.9 11.8 10.8 11.2 10.9 
16:47 IlO/ 4.0 4.0 9.6 13.7 17.6 13.6 17.1 135 
16~ 110/24 4.0 4.0 10.4 15.8 21.4 14.7 20.4 15.0 
1704 110/24 4.0 4.0 10.8 16.3 222 15.0 21.1 153 
17:13 110/24 4.0 4.0 11.2 16.4 223 15.2 21.4 15.4 

#1 .024 #5 .020 
#2 .022 #6 .021 
#3 .018 #7 ,018 
#4 320 #8 .018 

115 10.0 113 13.6 13.7 
16.7 11.8 17.4 20.0 19.6 
19.1 13.3 20.1 245 21s 
195 13.8 20.9 252 21.9 
19.8 14.1 21.0 25.6 222 

l 

Time AP A% AQ TCl TC2 TQ TC4 ITC5 K6 TC7 TC8 TC9 'IClOA TClOB ' 
[MN [PSI1 (CPM1 [GPMI (Co1 [Co1 KY [Cl 1 [Cl Cl ICY (Cl [Cl Cl Cl 
Power was turned off at 17~16 
17:19 110/24 4.0 4.0 10.9 13.0 17.4 125 16.1 12.7 14.2 11.2 13.8 18.8 16.4 
1720 110/24 4.0 4.0 9.4 10.9 12.9 108 12.4 113 11.3 9.8 10.7 14.0 132 

Dial Indicator Readins 

t1 .Oo 
12 .ooo 
ct3 .ooo 
#4 .002 

Dial indicators were set back to zero. 

#5 AM0 
#6 .OOO 
#7 .oo 
#8 .ooo 

NOTE: It takes about 1.5 minutes to read all 11 channels. 



Room temperature + 9500 Amps. 

Flow rate AQ was Balanced @ 4.0 GPM / coil 
@ AP = 112/26 (Stand supply vs. return) 

On to 9SM 
4.0 

tf 
4.0 
4.0 -- - 

9% 112/26 14.0 4.0 128 222 32.9 19.4 30.’ 
953 112/2614.0 4.0 135 23.0 342 202 32.7 20.3 28.1 18.3 30 
9.58 112/2614.0 4.0 13.6 233 34.5 203 32.1 20.7 28.3 18.9 31.4 137.6 131.1 1 

19.2 20.9 17.9 
26.1 29.8 263 
28.9 34.3 28.9 
29.9 36.5 302 

.9 37.7 31.0 _ m--a -- - 

TCl TO TC3 TC4 TCS TC6 TC7 X8 

Dial Indicator Readings: 

#l .046 #S 0.425 
#2 .048 #6 346 
u3 0.36 #7 .03a 
Iv4 .038 #8 .042 

Time AP (A& bQ TCl TO TC3 TC4 ‘K5 T’C6 1 ?C7 -KS TC9 TClOA TClOB 
iMINI U’SIJ 1 W’MI [GPMI ICY [Co1 KOl I@1 KY El I IcOl ICY [Co1 [Co1 [Cl 
lOAM power was turned off 
10~03 112/26 4.0 14.0 , 113.6 119.7 130.11 I172 128.1 116.9 122.7 115.9 125.1 1322 129.0 
lOtO8 112/26 4.0 14.0 11.4 114.0 118.0 1133 1165 I Ire- lm6 1 14.7 , _ ___ 112.4 , _-__ 114-4 , ____ 119.4 , ____ I 16.2 , ___ 
1012 112/26 4.0 4.0 103 Ill.4 114.1 1 12.0 1 14.1 112.4 112.4 Ill.1 1 123 115.7 I 14.4 
lo:17 112/26 4.0 4.0 95 110.8 1 10.2 1 12.9 1 122 I113 1112 1 10.1 I102 113.4 1 132 1 

Dial Indicator Readinns: 

All dial indicators are at 0.00 



Part B: KW Hz0 into outer turn of coil assembly 
Room temperature 3 5000 Amps. 
Flow rate AQ was balanced @ 4.0 CPM/coil AP=114/24 (stand supply vs. return) 

. 
Time HAP 1% bq 
MN1 

TCI TO TQ TC4 I~c5I~c6I~c7~~c8 1~~9 ITCIOA ITCXOB 
:PMl [Co1 [Co1 IC”l [C?l 

11:13 j112/261 
] II’S11 1 IGPMI [(- 

14.0 
IIW IICI IPI I ICI I [Cl I [Cl I Ia 

4.0 18.6 193 lg.4 19.9 1 lo.0 1 10.2 I93 18.9 18.1 192 110.7 
1136 Power was turned-on to %!S 
1121 112/26 4.0 4.0 12.8 1 13.1 122 19.2 12.9 13.0 11.7 125 10.9 10.8 11.7 
11~26 112/26 4.0 4.0 14.9 15.0 13.1 16.0 13.7 14d 12.4 14.1 11.1 10.9 12.2 
11~31 112/26 4.0 4.0 15.8 15.9 13.4 165 143 15.0 12.7 14.4 11-6 108 123 
1137 112/26 4.0 4.0 16.1 163 13.8 16.9 14.7 114.8 13.1 14.6 113 11.0 121 

Dial Indicator Readings: 

#l .OlO #5 .OlO 
g2.012 #6 .OlO 
#3 .009 w7 .009 
#4 .OlO #8 .008 

Tii AP IL\Qu AQ TCl TQ ‘I-C3 TC4 Tc5 TC6 TC7 7C8 TC9 1 TClOA TClOB 
[MINI [PSI1 1 [GPMI [CPM] (Cl (C-=1 ICI [C’l ICY [Co) lC=) [Co] [C] 1 [C-J ICI 
1139 power was turned off 
11:42 1 112/261 4.0 1 4.0 1145 115.1 112.6 115.6 113.7 113.7 11.4 1 12.9 1 10.4 

1112/26) 
I105 

1 12.0 
1 121 

11:47 4.0 14.0 110.6 1 11.4 1 10.8 1108 110.8 10.0 1 10.1 I93 19.9 1 11.4 

Dial Indicator Readinns: 

Ul .002 
#2 .002 
w3 .002 
#4 402 

#5 .ool 
#6 ,001 
n7 .ool 
#a a01 


