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FOREWORD

The following contributors were responsible for the thermal/stress

analyses performed on the EBT Split-Mirror Coil:

Contributor

Byington, G. A.

Forseman, J. W.

Hammonds, C. J.

Haste, G. R.
Johnson, R. L.

Livingston, J. C.

Mayhall, J. A.

Efforts
Determined convective cooling properties of the
conductor and case-cooling tubes. Coordinated
design, analysis, and fabrication with physicists,
engineers, and craftsmen.
Laid out the design details.
Developed the equivalent mechanical properties for
NASTRAN input.
Suggested and initiated the new cooling scheme.
Managed and supported the engineering work,
Helped develop NASTRAN thermal and stress bulk data,
ran the programs, and cataloged the data.
Directed NASTRAN analysis; performed fracture
mechanics, stress, and thermal analysis; and wrote

the report.






1. SUMMARY

A proposal was made in December 1978 to replace some of the standard
mirror coils on ELMO Bumpy Torus-Scale (EBT-S) with coils which had the
center windings removed, called split-mirror coils. The advantages of
such a replacement were: diagnostic measurements could be made in
regions in real space and in velocity space which would not otherwise be
accessible, and experiments could be carried out in the high magnetic
field region. The design shown in Fig. 1 was proposed to accomplish
this requirement. The material selected to machine the coil was
6061-T6 A2 hand forgings (because of low copper content and welding
requirements). The hand forgings available from the supplier1 were only
guaranteed to have flaws smaller than 5/64 (0.078) in. Also, the inner
bobbin thickness had to be thinner (in comparison with the standard
coils) to meet magnetic field requirements. (The thinner bobbin should
cause higher stress.) Because of the thinner bobbin and the probability
of failure brought about by the possibility of 5/64-in. flaws in the
material, it was necessary to perform a fracture mechanics analysis of
the coil to determine whether the flaws would grow to failure during the
required life? of the coil.

In order to perform a fracture mechanics analysis, the nominal

stress (without flaws) has to be known, and since the thermal stress is

lyeber Metals and Supply, MIL-I-8950B, Class B Hand Forgings inspected
to Class A.

2The required life involves turning the coil on and off about 200 times.
Because of uncertainties in material properties, a factor of safety

of 4 should be used; i.e., required life = 800 cycles.
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Split-mirror coil — old vs new cooling scheme.

Fig. 1.



the dominating stress, the temperatures must be known in order to

perform a stress analysis. Therefore, a thermal analysis was performed
first. However, the expected coil temperatures (comparable to those
measured with thermocouples in the in-service coils) could not be
analytically attained with most probable heat-input fluxes. The measured
temperatures could only be attained with the case-céoling water turned
off analytically.

A detailed thermal/stress analysis of the epoxied copper cooling
tube was performed, and it was found that with the conditions of case
cooling, tensile stresses almost twice ultimate would be induced in the
epoxy that bonds the cooling copper tube to the aluminum case. As a
result, the epoxy would fail. After failure, there would be a radial
gap (about 0.001 in.) between the copper tube and the epoxy, leaving
only radiant heat transfer between the cooling tube and epoxy and
reducing heat transfer by a calculated 95%. The only cooling left after
this failure would be that due to conductor cooling; however, the heat
would flow through the epoxy barrier between the conductors and case.
The latter result was analyzed, and the expected temperatures were
obtained (i.e., those temperatures measured with thermocouples in
similar designs). It was ascertained that the epoxied cooling tubes had
been failing and would fail in the new split-mirror coil.

The temperatures were determined in the coil with the failed
cooling tubes, and these temperatures were used to perform the stress
analysis. Stresses were found to be almost three times the yield stress
(by performing a linear stress analysis) in the aluminum case; as a

result, gross yielding and plastic flow were found to occur in the



6061~T6 AL. Obviously, any 5/64-in. flaw in the case would grow quickly
to brittle catastrophic failure, shutting the EBT-S machine down.

A new cooling scheme was designed (as shown in Fig. 1), and tem-
peratures and stresses were calculated. The temperatures and gradients
were drastically reduced, and the maximum stress was found t; be about

one-half the yield stress. 1t was found (using fracture mechanics

analysis) that the new nonepoxied cooling scheme would ensure no failures.

2. PRELIMINARY FRACTURE MECHANICS ANALYSIS

The estimated properties for 6061-T6 AL were

KIC @ 350°F = 16.0 ksi vin. , (1)
where KIC = fracture toughness value, and the crack growth rate at 350°F
was

43 _ 5 07 x 1078(aK)3+5 , (2)

dN
where

AK = change in stress intensity factor in ksi vin. ,
a = crack length in inches,
N = number of stress cycles.

The critical crack size was

Q K. \?
A, = ( IC) , (3)
l.ZlﬂMi o




where

by
il

or critical crack size,

flaw-shape parameter (see Fig. 2),

O
it

magnification factor for deep flaws (see Fig. 3),

-

and

Q
it

applied stress.

Assuming o = yield stress of 6061-T6 at 350°F after spending several

hours at 350°F, or ¢ = Gy = 23 ksi, a/2c = 0.2, and (from Fig. 2)

Q = 1.1, and letting a/t = 0.2, then, Mk 1.03 (from Fig. 3). From

Eq‘ (3) 3

2
A = 1.1 (?£é> = 0.132 .
cr

1.217(1.03)2 \23

How many cycles are required for failure? Consider Fig. 4. The
initial flaw size a; is 0,078 in. How many stress cycles N are required
for growth to ACr = 0.132 in.2? We calculate AK per cycle and use

Eq. (2). From Eq. (3)

AK = /14%iE-MkA0‘VE—
- /lig%ﬂ-l.o3(z3.o)v€‘= 44.0 Va

and from Eq. (2)

da

N 2.07 x 10‘8(44,0>3.5(a)3.5/2

il

1.17 x 1072a31-75
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then
0.132 N
a~l:75 da = 1.17 x 10‘2_[ dN ,
0.078 0
1 0.132
- 575 a"0.75 = 1.17 x 107%N ,
' 0.078
or
N = 114.0 1 _ 1
(0.078)9:75  (0.132)0-75
= 252 cycles .

The predicted life is 252 cycles required to fail the coil.
However, we need a life of 800 cycles, since we are not certain that the
stress will not exceed yield and we do not have accurate fracture
toughness data for 6061-T6., Therefore, we must perform a thermal and a

stress analysis.

3. THERMAL ANALYSIS

3.1 ANALYTICAL MODEL

A NASTRAN finite-element model was developed to determine the nodal
temperatures that were required for a subsequent stress analysis and
fracture mechanics analysis. A computer printout plot of the NASTRAN
model showing grid points is depicted in Fig. 5. The model is an

axisymmetric model, using TRAPRG and TRIARG elements. Although the
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problem is not axisymmetric, axisymmetry was assumed in order to facili-
tate calculations. It should be noted that the only design data given

were as follows:

(1) Approximate Maximum Temperature — On a similarly designed EBT
coil, a thermocouple was installed in the throat of the coil at a
location that would be approximately at node 23 in Fig. 5. The
experimentalists stated that the thermocouple was capable of
measuring 200°C maximum. During several runs, it was noted that
the thermocouple readout ''pegged" at 200°C. The operators esti-
mated the temperature to be somewhere between 200 and 250°C. The
thermocouple was located circumferentially at a spot known to

exhibit the maximum temperatures.

Since there were no available data at full power that could provide
temperatures all around the circumference but there were data that
provide them at the one circumferential location, we chose to assume
axisymmetric distribution. This assumption made the coil hot 360°
around, which gave us conservative (high) thermal hoop stresses.
However, the in-plane (in the transverse direction) stresses in the
hottest cross section are critical and could be accurately ascertained
with an axisymmetric analysis. Therefore, we were justified in using an
axisymmetric analysis. We can update our analysis and use a three-
dimensional analysis if and when the temperatures are measured circum-

ferentially.

(2) Heat Input and Cooling Characteristics — The total heat input to
EBT-S due to plasma heating was given to be 200 kW. The basic

cooling-water temperatures and manifold pressures were given, and
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the coil input of 12R heating per coil was given. Thermal pro-

perties are developed in Appendix A.

3.2 RESULTS

A baseline NASTRAN thermal analysis was performed with the coils

"turned on,"

with no input plasma heating, and with no case cooling.

The detailed NASTRAN input data for this case are shown in Appendix B.
Table 1 lists the resulting calculated temperatures for this case. Note
that node 23 (thermocouple location) is 111°C, and the maximum tem-—
perature is 114°C (see Fig. 6). Then, the most probable plasma heating
flux (see Fig. 6) was applied, and the case cooling (at nodes 26 and 34)
analytically turned on at locations shown in Fig. 1 (old cooling scheme).
The resulting temperatures are indicated in Table 2. Note that the
control temperature (node 23 in Table 2) rose to only 139°C. However,
the operators measured over 200°C. Because of this large discrepancy,
we knew something was basically wrong with the case-cooling system.

Therefore, it was decided to perform a detailed thermal and stress

analysis of the case-cooling system.

4. DETAILED THERMAL/STRESS ANALYSES OF THE EPOXY

The case cooling was applied in NASTRAN through element 29 as
shown in Fig. 7 (by attaching equivalent convective cooling boundary
elements at the nodes). A detailed '"blowup" (10X size) is shown in
Fig. 8; as indicated, the average temperatures T; and T, were taken from

Table 2. In order to calculate stresses in the epoxy ring (around the
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cooling tube), temperatures T, and T3 must be calculated by hand. (The
NASTRAN model is not detailed enough.) To calculate the temperatures T,
and T3, we determine the heat flow Q (Fig. 8) through the aluminum,
epoxy, and copper into the cooling water over the arc length at 129.5°,

using the equation

KAT 96.0(Ty - T3) 96.0(Ty - Tj)
Q= T = 0.415 * 0.415 < 0.222)/0.183 °
I- dr/rA8 .[ dr/(rx/2)
T, 0.195
1
_ 1 0.183
Q = 96.0(Ty - Ts) [2/n 1n(0.415/0.215) T 0.193] °
or
Q = 320.0(328 - T3) . (4)
Also,
o Fepory (T = T
dr
ra
1 1
Q= 0.8(T3 - T2) | 57735 * 5222 ’
dr/(wr/2) _/. dr/(39.5/180)
0.183 0.183
Q = 25.9(T3 - Tz) . (5)

Finally,
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K. (T, = Ty) 226.0(Ty - 107.25)
qQ = Cu -
. 0.183 >
j:—§6 ]' ar/(129.5/180) r
r 0.127
or
Q = 1398.0(T, - 107.25) . (6)

Adding Eqs. (4)-(6) gives

1 1 1
Q (320.0 *95.9 T 139870

) = 328.0 - 107.25 ,

with Q = 5200 Btu/s/in. of circumference. Now solve Egs. (4)-(6) for

T2 and T3:
Ty = 328 - %%%9 = 311.75°F ,
and
5200 _ o
T, = 355¢ + 107.25 = 110.97°F .

Now that we have temperatures, we will calculate the stresses in
the epoxy. Consider the free-body diagrams in Fig. 9. If the copper,
epoxy ring, and aluminum plate were free to expand, their expansions
would be ACu’ AE’ and AAQ’ respectively. However, for compatibility,
the stresses P, Py, and P3 ensure that

B = Boy T “Sg * Sgy (7)
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and

A - A, =38 + 5., . )

Substituting the values for the A's and S's (given in Fig. 9) into
Eqs. (7) and (8), we obtain (assuming that the stress-free temperature

is 70°F)

0.189 x 25 x 1076

(110.97 + 311.75)
- 70

2

(107.25 + 110.97)
- 0.183 x 9.14 x 107© - 70

2

= -(P) - Py) +
0.012 x 10 17 x 10°

(0.189)2 0.189P, {(0.183)2 + (0.127)2 }
- 0.3

(0.183)2 - (0.127)2

oY

201.78 = -P; + 1.00925P, . (9
Similarly,

2.0611 = P; - 0.99121P, . (10)

Solving Eqs. (9) and (10), we obtain

Py

1

11,200.0 psi

and

d
S
!

= 11,297.0 psi .
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Since the ultimate tensile strength of the epoxy (STYCAST 2850 FT —
a high conductivity type) is around 6000 psi, the epoxy will fail. If
one were to use a higher strength epoxy (e.g., 12-14 ksi), it would
probably not solve the problem because the epoxy would tend to peel away
at radius B;'(see Fig. 8) because of stress concentration due to non-
axisymmetry of the epoxy thickness. Peel strength of an epoxy joint can
be very low due to strain concentration.

In summary, we find that the calculated temperatures (Table 2) are
lower than those measured experimentally because the epoxy fails and
eliminates the case cooling. What kind of cooling would exist after the
epoxy fails? To answer this, a radiant heat analysils was performed with
a 0.00l-in. gap between the copper and the epoxy. It was found that the
resulting heat transfer would decrease to only 5% of what it would be
before the epoxy failed. Therefore, after the epoxy fails, virtually

all case cooling is eliminated.

5. THERMAL ANALYSIS WITH NO CASE COOLING

The thermal analysis was repeated with the case cooling turned off
analytically, and the resulting temperatures are listed in Table 3. As
noted in the table, the temperature exceeded 200°C, as expected at the
thermocouple location, while the maximum temperature was 242°C. Now, to
complete the analysis, a stress analysis was performed (using NASTRAN),
using magnetic loads and the nodal temperatures (listed in Table 3) as

thermal load.
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6. STRESS ANALYSIS

The maximum stresses for the case of the failed cooling tube are
shown in Tables 4a and 4b. The maximum tensile stresses occur in
element 16 (Table 4b, see Fig. 7 for element location). Note that this
element is at the point where the case is thinnest, meaning that this
would be the most probable location where failure would occur.

At element 16, the temperature would be 417°F, and the yield
strength would drop to 13,080 psi. Thus, the elastically calculated
stress (35,200 psi) is 2.69 times the yield stress. A repeat of the
fracture mechanics analysis performed in Sect. 2 will show the following

[from Eq. (3)]:

Q K..\?
¢ 1.21nM§ 5

1.1 ( 16 >2
A =
¢ 1.217(1.03)2 \35.2

or

5>
1

0.0564 .
cr

Thus, the critical crack size would reduce to 0.0564, and since the
forgings can have flaws up to 0.078, one could get catastrophic failure
on the first stress cycle. Obviously, we need better cooling of the

coils.
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7. THERMAL/STRESS ANALYSIS OF NEW COOLING DESIGN

An alternative cooling scheme, suggested by!Glenn Haste, is shown in
Fig. 1. The results of a NASTRAN thermal analysis of the new cooling
scheme are shown in Table 5. As shown, with no epoxy thermal barrier
(i.e., the cooling scheme consists of a circumferential groove machined
in the side of the case, covered with a welded circular strip, and fed
via radial drilled holes), the nodal temperatures are drastically
reduced.

Using the nodal temperatures (in Table 5) as thermal load input, a
NASTRAN stress analysis was performed and the maximum stresses listed in
Table 6. As noted, the maximum stress occurred in element 54 and is
15,630 psi. This is 54% of yield (28,800 psi), which is a remarkable
improvement over the old design. Repeating the fracture mechanics

analysis for this case and using Eq. (2), we find

a 2
A = L.1 ( 16 ) = 0.288 .
1.217(1.03)2 \15.63

Now using Eq. (1) to determine how many cycles are required for an

initial crack size of 0.078 to grow to 0.288, from Eq. (2), we find

AK = /—L—ZHMkAo\/a_,

v Q

or

AR =/ lig%ﬂ 1.03(15.63)Wa = 29.93 va .
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From Eq. (2)

€2 - 2.07 x 1078( K)3*5(a)3-5/2
N
0.288
a~1+75 da = 3.035 x 1073N ,
0.078
0.288
N = <_ 1 _-0.75 ) 1 ,
0.75 0.078/ 3.035 x 1073

or

2
il

1859 cycles .

This more than meets the required life criteria of 800 cycles.

8. CONCLUSIONS

8.1 EPOXIED COOLING TUBES

This analysis shows that measured temperatures on EBT-S standard
coils cannot exist unless the epoxy bond fails and allows a gap to
develop between cooling tube and case. Such failure renders the cooling

tube useless, and epoxy should not be used.

8.2 EFFECTS OF A NEW INTEGRALLY MACHINED COOLING SCHEME (Fig. 1)

With the designed cooling scheme, stresses would be reduced almost
60%, and the maximum flaw size could not grow to critical size, causing

failure, in the planned lifetime of the machine.
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Appendix A: THERMAL PROPERTIES

In order to find the amount of heat flowing from the coil and coil
case to the cooling water for NASTRAN, several calculations had to be
made. The first calculations were made to find the power generated by
the copper conductor, with the average conductor temperature (Tmc)
assumed to be 90°C. Therefore, the resistivity is Pe = 0.88 x 1076 q-in.

(from Fig. A.1):

Q= I12R , (A.1)
p L
R = Z < (A.2)
C
where

Lcbnd = (16 paths) (287 cm/path) (1.0 in./2.54 cm)

= 1808 in.

Lcond

Using an EBT-S conductor, 0.444 in. x 0.482 in. with a 0.217-in. inside

diameter,
A _ m(0.217 in.)?
path 4
= in.?2
Apath 0.036984 in.
and

AC = (0.444 in.) (0.482 in.) - Apath

A = 0.1764255 in.2 .
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Fig. A.l1. Temperature dependency of copper resistivity.
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Therefore, from Eq. (2),

_ (0.88 x 107® @-in.)(1808 in.)
0.174255 in.?

9.018197 x 1073 o .

=
]

At full power with I = 9000 A, solving Eq. (A.2),

Q = (9000 A)2(9,01897 x 10~3 @) (A.3)
Q = 730,474 W/coil
Q = 692.82 Btu/s .

For steady-state operation, the power generated by the coil must be

removed by the cooling water:

Inlet P

1]

210 psig (T = 80°F) ,

]

Exit P 40 psig .

Using Bernoulli's equation, the velocity and mass flowrate of the water

flowing in the conductor can be calculated. The heat removed by the

water is

éw = ﬁcpAT .

AP =g—gv2 (f%+ 21() ; (A.4)
Therefore,

ve = p(f'L?ng IK) (A-5)
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In order to find the velocity, the flow properties must be found:

cond (287 cm) (1 in./2.54 cm)

113 in. = 9.42 ft/cond .
cond

We need to add 6 ft more for the copper and nylon tubes. Therefore,

Lflow = 113 in. + (6 ft)(12 in./1 ft) = 185 in.

The internal diameter of the conductor is
D = 0.217 in.

The friction factor f is calculated from Prandtl's universal law of

friction. Assuming turbulent flow Re > 100,000 and f = 0.017,

£ = < 1 > .. (A.6)
REY  \2[log(Re VE)] - 0.8

The loss coefficients (ZK) for various transitions and fittings are:

K K
2 elbows 0.9 1.8
Contraction 0.5 2.3
Expansion 1.0 3.3
4 Swageloks 0.05 3.5

The physical properties of the water must be known to find the velocity.

Assuming the bulk water temperature Tb = 116.5°F, the bulk water

properties are
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C, = 0.999 Btu/lbm*°F ,
= 61.73 1bm/ft3 ,
K = 0.37 Btu/(h+ft+°F) ,
v = 6,525 x 1076 ft/s, and
W= 1.45 1bm/(h-ft) .

From Eq. (A.5)

_ AP2g 0.5
V= <p(f-L/D + IK) ) (4.7)

v = [(170 1bf/in.?)(2) (32.174 £t/s?) (144 in.?/£t2)32.174(1bm-ft)/(1bf-s?) |0-5
(61.73 1bm/ft3) (f 285/0.217 + 3.5)(32.174 ft/s?)

2742 \0.5
v = ( 255.83 ft2/s ) (5.8)

(£-852.54 + 3.5)

Assuming f = 0.017, then V = 37.674 ft/s. The Reynolds number Re calcu-

lations are

Re = 2VD _ (61.72 1bm/£t3) (V-£t/s)(0.217 in.)(1 £t/12 in.)

U (1.45 1bm/h-£t) (1 h/3600 s) » (A.9)

_ - [2771.46

where f = 0.017 and V = 37.674 ft/s; then Re = 104,413,
From Eq. (A.6), we calculate a new friction factor and use Eqs. (A.8)

and (A.10) to iterate the final flow conditions:

f = 0.01791 ,
new

V = 36.88 ft/s , and
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Re = 102,121 .

Now, the mass flowrate can be found to calculate the heat removed by the
water.

The mass flowrate for one of the 16 conductors is

m/path = pVA

vath - (61.73 1bm/£t3)(36.88 ft/s)(0.036984 in.2)(1 ft2/144 in.?2)

m/path = 0.5847 1bm/s .
The overall mass flowrate for one coil is
m
to

. (m/path) (16 paths) = 9.3553 lbm/s .

At steady-state operation the heat flow into the conductor is equal

to the heat flow into the water:

Qwater = écond ’ (A.11)

éwater - I'ntothAT : (A.12)
From Eq. (A.3),

Q= I2R = 692.82 Btu/s . (A.13)

Substituting Eqs. (A.12) and (A.13) into (A.11),

mtothAT = 692.82 Btu/s

with
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692.82 Btu/s

AT =
®tCh
AT = 692.82 Btu/s
(9.3553 1bm/s) (0.999 Btu/lbm- °F)
AT = 74,130°F ,
= - ° °
exit Tin + AT = 80°F + 74.130°F (A.14)
., = 154,13°F ,
exit
and
in ¥ Toxit 80°F + 154.13°F
= == = o
Tbulk 2 2 117.06°F . (A.15)
The Tbulk assumed was 116.5°F, which is close enough to Tbulk calculated

for the bulk water properties to remain constant.
In order to check the resistivity of the copper conductor, the
temperature of the conductor must be calculated by using a bulk water

temperature T of 116.5°F, and the final velocity and Reynolds

bulk

number calculated. The heat-transfer coefficient must be calculated.

The Prandtl number Pr at the bulk temperature is

pr = Cp“ _ (0.999 Btu/lbm:°F)(1.45 1bm/h-ft) (A.16)
K (0.37 Btu/h+°F-ft) .
Pr = 3.92 .

For turbulent heat-transfer coefficient the Dittus and Boelter

equation is
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h = o.ozs-% (Re)0+8(p )0-333 (A.17)

(0.37 Btu/h*ft*°F)
e = 0023 W7 im0 (1 Ft/12 in.

=
I

) (102121)0:8(3.92)0-333

=
]

7741 Btu/h+ft2+°F .

Using the heat transfer convection equation, the average temperature of

the wall of the conductor can be calculated:

Qwater = hcAs(Twall - Tbulk) . (A.18)

The surface area of the cooling passage in the conductor is

= = K 2 : 2
A 1TDLCond 7(0.217 in.)(1808 in.)(1 ft4/144 in.*)

8.55944 ft2 ,

5
I

The temperature of the wall from Eq. (A.18) is

T = (692.82 Btu/s) (3600 s/h)
(7741 Btu/he£t2+°F)(8.55944 ft2)

+ 116.5°F

]
]

154,14°F = 67.856°C .

The mean temperature of the copper conductor is needed to find the
actual resistivity of the copper. To simplify this calculation, the
conductor was assumed to be a circular tube with all of the I%R heating

flowing through the outside edge (see Fig. A.2).
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CALCULATE D: T

D d d=0.217 in.

—
-~

2 in 12
A = 0.1764255 in2 = T2~ m(0217 in)

a 4

0.
4 7(0.217 in.)2) 5

D =<—4—-(0.1764255 in.) + —
m T 4

D = 0.42136 in.

Fig. A.2. Simplified copper conductor.
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The heat transferred through the tubular copper conductor is

Q = %s e (T - T) (A.19)
Q L c w :

T = 154.14°F ,

w
= * .o
KCu 220.1 Btu/h+ft+°F ,
L = (0.42136 in. - 0.217 in.)(1 ft/12 in.)

2
L = 0.0085167 ft ,
and

As - TTDLcond

A = 71(0.42136 in.) (1808 in.)
144 in.?%/ft?

A = 16.62 ft? .

From Eq. (A.19)

. _ (16.62 ft2)(220.1 Btu/he-ft-°F) 0
Q = 692.82 Btu/s = 00085167 Ft (T, - 154.44°F)
4 = (692.82 Btu/s) (0.0085167 ft) (3600 s/h)

(16.62 ft2)(220.1 Btu/h-ft+°F)
Q = 159.98°F .

The highest temperature would occur if all heat is generated outside

the conductor.
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T +T 154.14 + 159.98
o w o

= = = ©
Tmc > 5 157.06°F ,

Tmc = 157.06°F = 69.48°C , and from Fig. A.l ,
p. = 0.818 x 1076 @ in. ,
o L (0.818 x 107 Q in.)(1808 in.)(90002)
(‘2= C‘CIZ=
. 0.1764255 in.?
Q = 679,009 W/coil
Q = 644.007 Btu/s .

After many iterations, the final flow properties for the conductor

are found below:

V = 36.88 ft/s ,
Re = 102,232 ,
Mot coil = 9.3553 1bm/s ,
and
tot coil = 68.0212 gal/min .
. A = ° = o
Using new Q, new Texit 152°F, and new Tb 116°F,
h, = 7741 Btu/heft2-°F
T = 151°F ,
\
T = 156.4°F ,
c
T = 153.7°F = 67.61°C ,
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= 0.810 x 107 @ in. ,

ke
|

637.70 Btu/s = 672368 W/coil .

Qnew

Assuming the coil case will have maximum power input (200 kW/ 24
coils = 8.33 kW/coil), the heat transfer coefficient is needed to find
the temperature in the coil case:

QFLUX/COIL = 8330 W/coil .

Flow properties and temperatures are needed for the coil case;
using Eqs. (A.6), (A.7), and (A.9), the final flow properties are

calculated. Calculating the flow properties we find

L = 7D + length to headers
L = w(1l1.75 in.) + 40 in.
L =177 in,

The cooling channel area is (see Fig. A.3)

2
A = %.Egjéi— + (0.2 ~ 0.125)(0.25)
A = 0.043294 in.?

The hydraulic radius is

A

HR ~ Perimeter



\\\\\\\\\\

\\\\\\\\
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where
Perimeter = %—(n)(o.zs) 4+ 0.25 + 2.0(0.2 - 0.125)
Perimeter = 0.7926911 in.
g = 0.043294 in.?
R 0.7926911 in.
Hy = 0.0546155 in.?
Dequ = 4l
= 0.2185 in.

equ

To find 2K losses from fittings we take

ZK

Assuming

©
f

aQ
]

and

=
I

K 2K
4 elbows 0.90 3.6
Contraction 0.50 4.1
Expansion 1.00 5.1
2 Swageloks 0.05 5.2

5.2

the bulk water temperature Tb

62.17 1lbm/ft3 ,

0.9975 Btu/lbm*°F ,

1.969 1bm/fteh .

= 85°F,

(A.20)
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The velocity was calculated using Eq. (A.7):

v ={ (170 1bf/in.?)(2)(32.174 ft/s”) (144 in.?/1 £t2)(32.174 1bm-ft/1bf-s2)]0-5
(62.17 1bm/ft3)(f 77/0.2185 + 5.2)(32.174 ft/s?)

(A.21)

v - [ 25337.6 _ ]0+°

(£350 + 5.2) ’
where

f =0.016, V=48.44 ft/s ;

Re = 2VD _ (62.17 1bm/£t’)(V ft/s)(0.2185 in.)(1 £t/12 in.)

" (1.969 1bm/h £t)(1 h/3600 s)
_ o 2069.7

Re = ft/S , (A.ZZ)

where

f = 0.016 and V = 52.48 ft/s, Re = 100,248 .

From Eq. (A.6), we calculate a new friction factor and use Eqs. (A.21)

and (A.22) to iterate the final flow conditions:

f = 0.018094 ,
new
V = 46.87 ft/s , and
Re = 97,010 .

The mass flowrate for one cooling channel is
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m = pVA

il

(62.17 1bm/ft3) (46.87 £t/s)(0.043294 in.2)(1 ft?/1l44 in.?)

m = 0.876 lbm/s ;
Qflux - Qwater
= 4167 W/cooling channel at full power ,
Qaper = MCOT = 4167 W = 3.9522 Btu/s

ar 2 Q. 3.9522 Btu/s _uso .

m  (0.876 1bm/s)(0.9975 Btu/lbm-°F)

The exit temperature of the case cooling is

=T, + AT = 80 + 4.52

exit in
exit = 84.52°F
and
Tbulk - [Texit + Tin]/2
Tbulk = 82,26°F (close enough to Tbulk = 85°F).
We find the film coefficient of the channel using Tbulk = 85°F:
p = 62.17 lbm/ft> ,
u = 0.547 x 1073 1bm/ftes ,
KA of Al = 118 Btu/h-ft*°F ,
Kw of H,0 = 0.353 Btu/h*£ft-°F ,
Cp = 0.9975 Btu/lbm-°F ,
and

Cpu (0.9975 Btu/lbm-°F) (0.547 x 1073 1bm/ft-s)
K (0.353 Btu/h-ft-°F) (1 h/3600 s) ’

Pr =

Pr = 5.56 .
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Using Eq. (A.17)

- 0.023 (0.353 Btu/h-ft-°F)
c ) (0.2185 in.)(1 ft/12 i

=
|

0.8 0.333
) (97,010) Y+ °(5.56)

=2
1

7705.4 Btu/h-£ft-°F .

To calculate the temperature of the cooling channel we take

Q= hcAs(ch - TB) i
LengthCC = 7(11.75 in.) ,
Length = 37 in. ,

cec

and Eq. (A.20) ,

h=
1l

Length _-Perimeter . = (0.7926911 in.) (37 in.) (1 ft2/144 in.2?)

0.2032 ft2 .

>
Il

Thus,

Q = 3.952 Btu/s = (7705.4 Btu/h<ft?+°F)(0.2032 ftZ)(Tcc -T.)

b

and

(3.952 Btu/s) (3600 s/h)

Tee = 1566.0 Btu/he°F + 82.26°F
T = 9,08 + 82.26°F

cC
T = 91.3°F .

cec

The cooling channel flow conditions are

i

o
Tbulk 82.26°F ,

V = 46.87 ft/s ,
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m = 0,876 1lbm/s ,
V = 6.3 gal/min ,
h, = 7705.4 Btu/h-ft2:°F ,
and
TCC = 91.3°F .

Now all physical properties of the coil are established, and the

properties are imputed into NASTRAN.
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Appendix B: BASELINE NASTRAN INPUT



CASE CONTROL D ECK ECHO

CARD
COUNT
1 TITLE#EBT MIRROR COIL UEAT LOADS TEMP-CONTQUR-PLOT
2 SUBTITLE$RIGID FORMAT 1
3 LABEL#&ING ELEMENTS,HEAT FLOW
4 SPC#100
5 LOAD#®9
6 OLOAD#ALL
1 THEKSALRPRINT, PUNCH<#ALL
8 PLOTID#RETURN TO C.HAMMONDS,BLDG.9204-1 MS 13
9 OQUTPUTAPLOTL
10 PLOTTER NASTPLT MODEL D, 1
11 PAPER SIZE 8.5 X 11.0
12 AXES Y,Z2,X
13 VIEW 0:,0.,0.
14 SET IOO‘ALL EXCEPT ELEMENTS 200 THRU 229 EXCEPT,
15 GRID POINTS 148 THRU 150
16 MAXIMUM DEFORMATION#.1
17 CONTOUR MAGNITUD LIST 228.,262.,296.,331.,,365.,399.,434.,
18 468, 71 CONNON
19 FIND SCALE ORIGIN 1 SET 100
20 PLOT CONTUUR
21 BEGIN BULK

**x% JSER INFORMATION MESSAGE 207, BULK DATA NOT SORTED,XSORT WILL RE-ORDER DECK.

0¢s



EWN=ZT
[

W OO~

NI DO b b o oo b s canh s and ok
N OO D ~NNNE
R ]

S W OOE~NNE W

W WAL IR BRI NI
[<1¥-1. . D01 ]
Tt bt

]

NEEEE 8L EE&EWWWLIW
OV NEWN =

SORTETD BULK DATA ECHO

3 v. 8 ee 5 e € .o T .. B .. 9 .. 10 .
POINT 26 FUQ2
POINT 34 £404
POINT 9 E4GH
POINT 18 £4Q7
POINT 124 £108
POINT 125 £1Q9
POINT 126 £501
POINT 127 £502
POINT 128 £503
POINT 129 £500
POINT 130 £505
POINT 131 £506
POINT 132 £507
POINT 133 £508
POINT 138 £509
POIRT 135 5601
POINT 136 £602
POLNT 137 £603
POINT 138 £6QU
POINT 139 £605
POINT 140 £6Q6
POINT 141 £607
POINT 142 £608
POINT 143 6609
POINT 144 £701

T¢
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CHO

E

DATA

BULK

<o
N ™~ =
[ B e
>~~~
W oW
’
[=5)
»
L
x
. 55555599958575587557555875875587558755875587
L
™~
. 00000000000000000000000000000000000000000000
L]
N
05_.08.“6780“569012“813789156793“5712359
. 23“56791111222233333“““uu5555566666777788889
.
w
O o~
> = > 0’23“892307“56“9018901379156793“57123590137
o o - 91-1111112232333“3““nw355555666667777888889990
L]
[=]
A B B
z = =
[ ) L I =)
@2 O O 01237812963“5389078902680Q56823u5012u8902k
[+ Y-V - ¥ 891111112222333“33“auu5555666667777888888990
L]
c
wnom
- - u57356793“5890¢l37026780“56823“6012“n
N NN 123“56891112222233333““““555556666677778888n
’
N ©O O ©
[T R Y o Y
e O
N N 679690137893“56715601237890“567123u‘
N N N 12345689'1]22333333“““3“5556666666777778888w
L]
GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG
RRRRRRRRRRRRBRRBRRRBRRBRRBRRRRRRRRRRRRRRRRR
=Dt D ey D.D.PPD.D.D.PPPPPPPPPPPPPFPPPPPPFPPFD.D.D.PD.PPPPPP.D.
D2D3Dﬂ..A!.AA-A.AAA!.A.AAAAA.AA.A.AA!!-AA!AA.A.AAA.A.A.AA.A.AAA.AA.A.A
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-CGCGCGCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
T__....___..__.__.__..____._._..._._.__..._.___.__

DESNMINODONO NN FNOM DBRO™ANMFNOONO™NM FNOSORNO =N NOTT
nW5555555556666666666777777777788888883889999999999
-
(S 1)
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o0
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~

-00000000000000000000599999956669955656665566665556
.
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