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DEVELOPMENT OF VARIABLE-WIDTH RIBBON HEATING ELEMENTS 
FOR LIQUID-METAL AND GAS-COOLED FAST BREEDER 

REACTOR FUEL PIN SIMULATORS 

R. W. McCulloch R. T. Love l l 
D. V. Post S. D. Snyder 

ABSTRACT 

Variable-^Idth ribbon heating elements that provide a 
chopper'-c^cxne variable heat flux profile liave been fabricated 
for fuel pin simulators used in test loops by the Breeder Re
actor Program Thermal-Hydraulic Out-of-Reactor Safety test fa
cility and the Gas-Cooled Fast Breeder Reactor—Core Flow Test 
Loop. 

Thermal, Mechanical, and electrical design considerations 
are used to derive an analytical expression that precisely de
scribes ribbon contour in terms of the major fabrication parame
ters. These parameters are used to generate numerical control 
Capes that control ribbon cutting and winding machines. Sixty 
ribbons are cut, IS at a time, by a template grinding machine 
from one assembly of 15-cm-vftde (6-in.) strips, stacked 15 high. 
A staging technique is developed to allow cutting of ribbon 
lengths longer than 137 cm (54 in.). Local width and total 
ribbon contour tolerances are routinely held to within ±0.5Z 
during cutting. The ribbons are then wound into a coiled helix, 
closely approximating the dimensions needed for later use. 
Final touch-up swaging sets the coil diameter, length, gaps, 
surface finish, and mechanical condition to the precise toler
ances required. 

Infrared scanning techniques are developed to determine 
the optimum transient thermal profile of the colls and relate 
this profile to that generated by the colls in completed fuel 
pin simulators. 

1. INTRODUCTION 

Nuclear fuel pin simulators (FPSs or pins) are necessary to the op
eration of thermal-hydraulic test facilities for four Oak Ridge National 
Laboratory (ORNT) programs: (1) the Slowdown Heat Transfer-Thermal-
Hydraulic Test Facility (BDHT-THTF), (2) the Gas-Cooled Fast Breeder 
Reactor-Core Flow Test Loop (CCFR-CFTL), (3) the Breeder Reactor Program 
Thermal-Hydraulic Out-of-Reactor Safety (BRP-THORS) Facility, and (4) the 
Multirod Burst Test (MRBT) program and test facility. These experimental 
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facilities are used to conduct out-of-reactor thermal-hydraulic and me
chanical interaction safety tests for both light-water and breeder re
actor programs. The FPS units simulate the geometry, heat flux profiles, 
and operational capabilities of a reactor core element under steady-state 
and transient conditions. !>irlng transient tests, FPSs are subjected Ko 

temperatures as high as I375°C (2500°F), power levels as high as 57.5 kW/m 
(17.5 kW/ft), and severe thermal stress. 

The heat flux profile for an FPS is generated by passing an elec
tric current through a •"ubî lar or coiled ribbon heating element embedded 
in boron nitride (BK) insulation within its stainless steel sheath. 
"Chopped-cosine" (cosi profile chopped at either end so that power 
goes to zero abruptly) heat flux profiles for BRP-THORS and GCFR-CFTL 
FPSs have been generated previously by varying the helical pitch of a 
constant-width ribbon. While acceptable for steady-state tests, this 
method cai.̂ ed unacceptable transient heat flux profile perturbations. A 
thorough summary of development in support of the BRP program is presented 
In Ref. I. 

This report describes the design, fabrication development, and in
spection of variable-width, helically wound heating elements for the BRP 
and GCFR programs; these elements eliminate tne disadvantage of variable-
picch ribbons, while providing other important advantages to an evolving 
FPS fabrication technology. 
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2. FUEL PIN SIMULATOR DESCRIPTION 

Variable-width ribbon heating elements were developed for the BRP-
THORS FPS and the CCFR-CFTL FPS. While they are similar fn many respects, 
major differences exist in the purpose, design, and operation of the two 
simulators. 

Intended for use in a liquid sodium environment, the BRP FPS (Fig. 
2.1) has a double-ended design (current enters one end and exits the 
other) with a 5.84-smr-OD (0.230-in.) by 0.38-mm-thick (0.015-ln.) clad. 
The 3.175-mm-OD (0.I25-in.) heating element has a total resistance of 
3.039 Q, a peak-to-average heat flux ratio of 1.30:1, and a peak-to-
ninimum ratio of 2.92:1. The BN preforms provide structure and insulation 
in the central and annular regions and three 0.38-mm (0.015-in.) type K, 
insulated-junction thermocouples (TCs) (with BN substituted for magnesium 
oxide in the junction region) are located at 120c intervals and various 
axial locations within the FRS annular region. One end of the variable-
width ribbon Is connected to the power supply via a nickel Intermediate 
rod which, in turn, is joined to a copper rod. The ground connection is 
made by welding the nickel ground plug to the ground lead extension which, 
in turn, is welded to the stainless steel (SS) clad. 

Power Is obtained by I 2R heating of the ribbon. The FPS is capable 
of operating at a peak heat flux of 400 w/cra2 (55 kW/m, 390 V at 130 A) 
at 1000'C (1832'F) clad temperature for short periods of time and at 315 
W/cm2 (43.3 kW/m) at 1000°C Indefinitely. Additionally, the FPS is de
signed to withstand sodium voiding and clad dryout tor I s while operat
ing at 315 W/cm2 (43.3 kW/m) at 1000°C (1832°F). Eight bundles of FPSs 
in 13 different configurations have been assembled and tested under vari
ous operational conditions i<i the THORS facility.2*3 

During FPS assembly, BN performs are Inserted and individually 
crushed Inside the heating element while the coll and terminals are en
cased In a rigid containment enclosure. This heating element assembly 
is then positioned within the Instrumented SS clad, and the annular BN 
Insulation Is Inserted In a manner similar to that employed with central 
preforms. The entire FPS is then swaged to the final size. The swaging 
operation provides final compaction of the insulation so that the density 
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is ~2.14 g/cm3 (95Z theoretical density) and the coil is in intimate con
tact with the insulation. 

The GCFR-CFTL FPS (Fig. 2.2) is larger in diameter than the BRP-THORS 
FPS (8.0 Tun dian) and is single-ended in configuratinn (current enters and 
exits through •.he same end). The SS clad is roughened In the region adja
cent to the heated length to enhance heat transfer to a flowing helium 
environment. External power is supplied to the 4.76-mm-OD (0.1875-in.) 
variable-width ribbon heating element via nickel-to-copper tubular ter
minals and returned 'ia a nickel central rod brazed to a copper central 
terminal. The BN insulation is contained in annular regions internal 
and external to the heating element and terminals. The coi] has a rests -
ranee of 2.5 0, a peak-to-average heat fxux ratio of 1.21:1, and a peak-
t«-minimura ratio of 2.0:1. Six 0.5-mm (0.020-in.) insulated-junction 
type K TCs are contained within the external annular region at 60° cir
cumferential and various axial locations. 

The FPS is designed to operate at a peak heat flux of 200 W/cm 2 

(50.3 kW/m, 342 V at 127 A) at 1000°C (1832°F) clad temperatures and up 
to clad melting (1375°C) at 40 W a n 2 (8.3 kW/m). 

The CFTL FPS is fabricated similarly to the TH0RS FPS except that 
it uses a newly developed "ionswaged" fabrication process. In this pro
cess, 3N preforms have been designed aid fabrication techniques devel
oped so that intimate contact between the heating element, clad, and BN 
Insulation is ensured and, at the same time, relatively high thermal con
ductivity is achieved in the BN without swaging the unit. This process 
enables prototypal GCFR-roughened cladding to be used (swaging wouxd dis
tort the external clad roughening). A summary of the FPS development ef
forts to date is provided in Refs. 4 and 5. 

Without the variable-width ribbon heating element, a variable-profile 
FPS using advanced BN preform fabrication techniques could not have been 
fabricated. To obtain a chopped-cosine heat flux distribution with a 
constant-width ribbon, the gap must be varied between turns. When the 
gap becomes larger than ~1 mm (0.039 in.), the coiled ribbon will no 
longer contain t'.-.e BN insulation that is Installed in the coll and crushed 
as the first step in the assembly operation. The use of variable-width 
ribbon heating elements allows the gap to be relati/ely constant along 
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the length of the coil, and FPSs have been fabricated with a gap width 
of no more than 0.25 mm (0.010 in.). 
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3. VARIABLE-WIDl.i RIBBON HEATING ELEMENT DESIGN 

3.1 General 

As the power-generating component of an FPS, the heating element Is 
required to operate under conditions approaching the maximum capability of 
the material. As such, the design must include careful consideration of 
the thermal, mechanical, and electrical properties of the material as well 
as the FPS physical dimensions. Careful attention to heating element de
sign can extend the operating range or lifetime of an FPS considerably. 

3.2 Thermal-Mechanical Design 

A high heat flux FPS may have a radial temperature profile as high 
as 300°C/mni so that the radial distance from clad outside diameter to 
heating element inside diameter directly determines maximum operating con
ditions for a given clad temperature and heating element material. As a 
general rule, the coiled heating element diameter should (1) be as large 
as possible consistent with maintaining an appropriately thick BN annular 
Insulation region that will contain FPS internal TCs, (2) maintain accept
able insulation resistance at the maximum required operational tempera
tures, and (3) withstand the required clad to heating element voltage po
tential without dielectric breakdown. 

The heating element should be as thin as practical because the FPS 
peak internal temperature will increase as the ribbon thickness is In
creased (for a constant outside diameter). However, this is balanced by 
several other considerations. Problems in forming or fabricating the rib
bon place practical limits on the minimum ribbon thickness. For Nichrome 
V and Kan thai A-l material, this limit is 0.2 mm (0.008 in.), but it Is 
0.15 mm (0.006 in.) for the Pt-8% W ribbon material. Handling, assem
bling, and swaging of ribbons and FPSs also dictate a minimum ribbon 
thickness; the limits previously established are compatible with these 
operations. As the ribbon thickness decreases, the percent variation in 
thickness becomes much harder to control. This, In turn, affects local 
heat generation because local power generation (constant current through 
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the ribbon) is inversely proportional to thickness. A practical tolerance 
limit for ribbon thickness is 0.0125 mm (0.0005 in.). This represents a 
local power variation of 2.52 for a 0.5-mm-thick (0.020-in.) ribbon, but 
this variation is doubled for the 0.25-mm (0.10-in.) ribbons common to 
this effort. Finally, the heating element must be capable of withstanding 
differential thermal expansion without permanent deformation during tran
sient tests. 

Because transient operation of FPSs in both BRP-THORS and GCFR-CFTL 
programs is of paramount concern, the heating element configuration must 
be carefully analyzed under transient conditions to determine performance. 
Heat capacity effects become pronounced in the transient heat flux pro
file, and axial conduction does not smooth out the profile as it does 
under steady-state conditions. Further, with the use of BN preform tech
nology, axial conduction is much lower than radial conduction because of 
the anisotropic nature of thermal conductivity in BN preforms. Thus, 
under transient conditions, such properties as turn-to-turn spacing (which 
affects the ratio of heated to nonheated surface as discussed in the fol
lowing section), coil diameter variations, coil turns per inch, and eccen
tricity of the heating element become important. 

The term "surface ratio," the ratio of external surface area of the 
heating clement to the surface area ot a cylinder having he same outside 
diameter, is used to quantify the heat flux uniformity of a given heating 
element design. Thus, the surface ratio of a tubular heating element 
would be 100%. The surface ratio of an FPS heating element should be 
above 90%. To keep the surface ratio above 90% requires minimal spacing 
between turns of a helical coil, but because the volts per turn are quite 
small (almost always <1 at normal operating conditions), there is little 
change of short circuiting between turns in a well-made heating eleraer.t. 
The chance of the turns physically touching is also small, if the recom
mended methods of fabrication are followed. 

Coil diameter variations are important because the clad surface tran
sient heat flux Is locally increased if the local coil diameter Increases. 
Heat flux Is increased because a decreased radial gap provides a shorter 
path for heat conduction and the annular volumetric heat storage capacity 
is decreased while the local steady-state and transient heat generation 
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is increased (because there is more ribbon per turn in a larger-diameter 
coil). Conversely, a smaller diameter decreases local clad surface heat 
flux. 

Similarly, coil eccentricity results In a disturbance of the circum
ferential heat flux profile. Usi"~ the Heating V code, calculations of 
these coil variations indicate that a 0.025-mm-diam (0.001-in.) change 
or eccentricity results in 1Z perturbation of the transient heat flux 
profile. 

3.3 Electrical Design 

Evaluation of thermal, mechanical, and physical properties will pro
vide reasonable design limits for the variable-width coil and ensure that 
it will be both fabricable and suitable to its environment. However, 
electrical considerations provide the design basis for the exact configu
ration to meet FPS operational requirements. 

To a great degree, uesfgn of the heating element itself is depen
dent on the available power supply, which can be expected to have maximum 
values of available current and voltage. Assumin,. that each FPS will be 
connected to the available voltage, the current must be divided among the 
number of pPSs in the bundle to arrive at the maximum value for each FPS. 
(In some installations with single-ended heater designs, the use of vari
ous series-parallel arrangements may be advantageous.) 

From the maximum available voltage, the maximum value for heating 
element resistance (R) at operating temperature can be calculated from 
the equation 

R - V 2/W , 

where V is voltag* and W is watts, from the maximum available current, 
the minimum value for heating element resistance at operating tempera
ture can be calculated from the formula 

R - W/I 2 , 

where I is current. A "window" (or spread) can be established for the 
heating element resistance from these cwo values. A resistance value well 
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within fhls window should be selected to allow for subsequent variations 
that could occur in volume resistivity, physical sizes, and fabrication 
techniques. Within a particular number of FPS units made from the same 
lots of material, variations in total resistarce should be kept to less 
thar ±2% to ensure minimum pin-to-pin power variation in a bundle. 

Where capability of the power supply permits (or where a power supply 
is to be specified), some compromise should be made between current and 
voltage ratings. The major consideration in both GCFR and BRP FPSs was 
to Unit current co prevent excessive heating of the lead-in sections, as 
well as the leads themselves, and to siaplify connection problems that can 
be significant in larger bundles. However, the voltage is kept low to de
crease the chance of developing short circuits or, alternately, to allow 
the annular insulation gap to be as small as possible. Although no exact 
rule has been established, recommendations are that a resistance between 
1 and 3 Q he used for small-diameter FPSs. Because of terminal heating 
problems In both BRP and GCFR FPSs and because advances in FPS fabrication 
technology have enabled the maximum applied voltage across the insulation 
gap to increase to ~350 V (600 V/mm), both BRP and GCPR variable-width 
ribbon heating elements have been designed with the coil resistance be
tween 2.5 and 3 SI. 

This value is the "cold" or room temperature resistance. The tem
perature coefficient cf resistivity (TCR) of heating element material 
must also be k-'own became the "hot" resistance is h to 10% higher than 
the* cold resistance. The resistance value of the heating element at 
~1000°C is normally used in design calculations because this is a common 
use temperature and very little change in resistance occurs in the 800 
to 1200°C range (at least In Kichrome and Kanthai materials). 

Consideration of the ribbon resistance change in winding, swaging, 
and FPS swaging should be factored in If the window is <10Z of total rib
bon resistance. Average resistance will Increase about IX when the rib
bon is wound and swaged on a mandrel. If the FPS Is swaged, a 5 to 7% 
decrease In resistance will occur because of ribbon thickening. When a 
swaged FPS is annealed, another ~5% drop will occur, making a total de
crease of about 10 to 12%. However, far resistances within the window 
established by the FPS power, power supply, and other considerations, the 
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absolute value is not nearly as critical as the variation in resistance 
from ribbon to ribbon. This variation should be maintained as low as 
possible, with ±2Z as a reasonable tolerance limit. 

Once the ribbon resistance has been determined, factors describing 
the FPS power profile are needed: 

1. peak/average power, P p/P a; 
2. peak/ainunum power, Vpf?ul and 
3. axial heated length, C. 

Other information obtained from the overall FPS design is also necessary: 

1. heating element material resistivity, p; 
2. ribbon thickness, t; and 
3. coiled ribbon pitch diameter, D - OD — t. 

The local widths of an axial length of ribbon, C, may now be calculated 
in terms of resistance, using the method of Fig. 3.1. 

Optimization of the various parameters is an iterative process that 
must be accomplished with these principles in mind. An additional recom
mendation is (.hat the minimum ribbon w.dth be at least five times its 
thickness to reduce handling and winding problems. Theoretically, the 
width can be as great as the coil circumference based on its pitch diame
ter D (In which case the ribbon becomes a tube). However, for coiled rib
bon, recommendations are that the vinding angle 8 be no less than 45" and 
the width be no more than 70.1% cf the pitch diameter. 

To provide a high surface ratio, spacing between turns of the rib
bon should be minimal. While no general rule has been established, a 
minimum value of 0.25 mm (0.0)0 in.) in the completed FPS Is recommended. 
To provide reasonably uniform surface heat flux, this spacing should never 
be greater than the combined thickness of the BN insulation and the FPS 
sheath. Spacing greater than that recommended can produce significant 
peaks and valleys in the surface heat flux. 

Equations (3.1) through (3.7) in Fig. 3.1 derive a relationship for 
the width w of a constant-width ribbon in termt, of the Input variables 
mentioned previously. Implicit In the derivation Is u turn-to-turn 
sprcing G of zero (I.e., the coll Is wound with turns touching). The 
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Definitions 
P » winding angle 
w • width of heating element 
t » thickness of heating element 
a - axial length of width 
C » axial length of heating element 

1/a » turns per cm 
t » length of ribbon for 1 turn 
L « overall length of ribbon 
N * number of turns in coll 
D - pitch diameter of coil 
A » cross-sectional area of ribbon 
R * resistance of heating element 

Equations, Derivations, and Calculations 

(3.1) sin 8 « -r~ - — 
I a 

(3.2) c o s 9 - f - ^ 

(3.3, I . - ! " ! ' a w 

,, ,. „ C C sin ( 3. •) N » — * a w - in c a n e 

(3.5) L - Nl - -. C , • 1 - C 

t cos 6 cos 8 

n M A . Pt . PC _ 'DPC 
( 3 ' 6 ) A R R cos 8 " -fST 

»•» --f-S?-(HFr 
Fig. 3.1. Design of rectangular ribbon heating element. 



unstretched length should be 90 to 95Z of the final length. If the FPS 
is to be swaged, the elongation of the unit and the resultant increase 
in turn spacing must also be considered. 

If a constant-width coil if. to be designed, Eq. (3.7) can be used 
wlch values of t and D adjusted to optimize w. Equations (3.2), (3.3), 
and (3.4) are then used to calculate the winding angle 6, the turns per 
centimeter 1/a, and the total turns N, respectively. Standard values for 
t listed in heating element vendor catalogs should be used. Recommenda
tions are that several calculations b._- made before a final design is de
termined. 

To calculate the width of a variable-width ribbon, similar procedures 
are followed except that calculations are made for a peak resistance per 
unit length R^ of the wound ribbon at the center of the cosine profile 
(Fig. 3.2). For this condition, R_ is given by 

R p - (R/C)(Pp/Pa)Q/cm . 

To modify Eq. (3.7) to enable calculation of the ribbon width w at the 
center of the profile, R is replaced by R_ and C is understood to be 
1 cm, so that w Is given by 

* - &)"* 
(3.7a) 

GRNI-DWG80-5572A ETO 
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Fig. 3.2. Variable heat flux power profile. 
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Similarly, Eqs. (3.2) and (3.3) become 

6 - cos~l(wp/-D) (3.2a) 

and 

l/ap - sin 9 p/w p . (3.3a) 

The value of N can be determined using Eq. (3.4) and the average winding 
angle, 6.,, determined fron Eq. (3.13). Thus, 

N - ~ tan 6, wD a (3.4a) 

This sequence for design ot a variable-width ribbon is summarized in 
Table 3.1. The various input parameters are entered in items 2 through 8. 

Table 3.1. Ribbon heating elenent design sheet 

Itc Parameter BRP co l l fiCFR c o l l 

l 

2 
3 
4 
5 
6 
7 
8 

9 

10 

II 

12 

13 

Declred resistance R, Z 

P IV r p " » 
P /P rp' a 
Coil axial length C, cm 
Stretched length. c» 
Ribbon thickness t , CM 
Pitch diaoeter D, aa 
Material r e s i s t i v i t y p, 

(» - cs.) * lO"6 

Rp - (I • 3 ) / * , a/cm 

- ( • 

7 • 8 \ » ' 2 

V 

COS •l ( 
W • 7 

(») ' 

10 
10- T ) - d e * 

w • (7) • 10-' 

* 12 • I0" 1 

tan jcos" 1 [ (3 ) 1/2 »(!!)]}, turns 

3.04 2.50 

2.92 2.00 

1.30 1.21 

83.82 107.95 

87.63 113.03 

0.254 0.254 

. .921 4.00 

l»*,9078 144,9578 

0.04715 0.02802 

0.33328 0.50589 

68.70 66.26 

200.7 173.92 

0.195 0,286 
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Values for R_, w , 8_, and N are then calculated from the input parame
ters. The gap width between turns for the stretched coil is then calcu
lated in 'tea 13. An exaaple of calculations for the BRP coll (design 1) 
and the GCFR coll (design 2) are given in the table. 

The design of a ribbon profile to give a specific axial heat flux 
distribution was first reported by D. L. Clark and T. S. Kress. The 
local heat flux distribution was established froa thf: following relation: 

l 2o P - ±2- , (3.8) 
w2t 

where P is the local power per unit area, w is the local ribbon widtn, 
and I Is the current. 

Solving Eq. (3.8) for the local ribbon width w gives 

m 1/2 (3.9) 

If we use Eq. (3.9) to define the power at some reference position, such 
as the center where P • P p and w » w then the local width w with re
spect to the reference width is 

'2 &T w p . (3.10) 

Equation (3.10) can be used to ectablish relative width anywhere 
along the ribbon. However, knowing just the width is not sufficient. 
The ribbon aust be wrapped around a mandrel to form the coil of the de
sired length L and diameter. Figure 3.3(a) shows Che uncoiled ribbon 
contour, and Fig. 3.3(b) shows the coiled configuration. For the coll to 
wind properly, the slope of the contour 8 must be the same at any posi
tion along the abcissa [Fig. 3.3(a)] on both sides of Che ribbon. Thus, 
the vertical component of the ribbon width w v for Che gap C • 0 is con-
scanc (Fig. 3.3(a)]: 

w« - wD , (3.11) 

where D is the ribbon pitch diameter as defined previously. The local 
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Fig. 3.3 Vartable-wfdth ribbon (a) before and (i>) a f t e r being wound 
in to c o i l . 

width w i s given in terras of the contour angle 8 by 

w = wD cos 6 , 

or in terras of a reference angle 6 a t P and w by 

cos 6 or cos 6 p • 

(3.12) 

(3.13) 

Refertlng again to Fig. 3.3(a), the ribbon contour in the x,y plane 
can now be completely defined by x, y, 9, and w. The chopp^d-cosine 
power profile is conveniently defined in terms of the ribbon length such 
that P » P p at x - 0 and P - P m at x - ±C/2. 

Referring to Fig. 3.2, the power profile can be defined by 

P « P p cos <fr , (3.14) 

where $ l a the angle t ha t r e l a t e s the power p r o f i l e to the wound-ribbon 



axial length C. By definition, cos • = P t / P
D " l and •„ » 0° at P D. The 

angle at P m where x » ±C/2 is now 
P P 

«•" "s" ft) 
So the prof i le can be described within the chopped region by 

= cos 4 = cos U s " 1 Pm/P \ 

(3.15) 

(3.16) 

The vertical contour or winding angle 8 can now be determined in 
terms of the specific profile information by substitution of Eq. (3.16) 
into Eq. (3.13): 

cos 8 

11/2 

cos I(cos"1 P m/P p) |S 
cos 8, (3.17) 

Local width w is then calculated using Eq. (3.12), which defines the rib
bon contour In terms of 8 and w at any x for -C/2 £ x £ C/2. 

The final task Is then to determine I and y in terras of x for a given 
ibbon contour and compile the Information in a form amenable to the gen

eration of magnetic tapes for numerically controlled (MC) rlbbor. machining 
and winding. 

From Fig. 3.3(a), 

cos 8 ' (3.18) 

and 

y - x tan 8 . (3.19) 

A program written for an HP-25C programmable calculator computes sin 
8, w, £, and y in terms of x in increments of x • 1 cm. Equations (3.17), 
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(3,12), (3.18), and (3.19), respectively, were modified as shown: 

cos 6 n = 

cos 
? x n 

(cos-1 P m / P ? ) | - C -

1/2 

cos 8 p , (3.20) 

w n = w v cos 6 n , (3.21) 

= « + -n *n-l 
*n 

cos 6 n 
y n

 s y n -i + *n t a n e 

(3.22) 

(3.23) 

The contour is calculated for 0 <̂  x £ C/2 because the coil is symmetric 
about the x,y • 0 position. 

In summary, thf; design sheet (Table 3.1) is used to determine 6_ and 
w from the given ribbon design information. Sin 6 , the chopped-coslne 
profile information (Pm/l'p), and the ribbon-wound length (C) are then used 
In Eqs. (3.20) through (3.23) to derive the specific x,y profile data 
needed for NC nachining and winding. 
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4. HEATING ELEMENT CONTOUR MACHINING 

4.1 General 

The objective of the machining phase of ribbon development was tc 
take the ribbon contour information and fabricate ribbons of variable 
wir'th having a precisely controlled contour. The major requirement was 
to hold the variation in the calculated width to <1Z throughout the en
tire ribbon length. Additionally, the x and \> lccations describing the 
exact placement of the ribbon on the x,y plane (and therefore the angle) 
were to be held to within 1%. Proper ribbon local tolerances are impor
tant, but displacement of yj, y 2 values for a given x value (with the 
width in tolerance) are just as detrimental to ribbon winding as are width 
variations. 

Early attempts to machine the ribbon contour on an NC end-milling 
machine were unsuccessful because these tolerances could not be held and 
excessive ribbon-edge burring occurred. Abrasive machining or grinding 
utilizing the "sandwich" technique (.discusstd below) was then attempted. 

Tooling and fixtures were designed and fabricated to allow up to four 
stacks of elements to be machined from a single stack of ribbon raw mate
rial, thus saving tooling and machining time. A second major problem of 
machine travel limitation was solved by using a staging technique to ex
tend the machine range from 137 to ~245 cm (54 to 96.5 in.), thus pro
viding adequate travel for both GCFR and BR? element machining. Final 
production techniques allowed machining of 4 stacks of 15 elements each 
for a total of 60 elements per operation. Width and contour tolerances 
have been held to less than ±0.5% variation. 

The template grinding machine, the method of generating and using 
the NC drive tape, and the development of the fabrication process are dis
cussed in the following sections. 

4.2 Template Grinding Machine 

Designed for precision grinding of contour templates, the NC machine 
(Fig. 4.1) consists of a T-shaped base with two machine slides mounted on 
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Fig. 4.1. Numerically controlled (NC) template grinding machine. 
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the base at right angles to each other. The slides are operated through 
gear boxes by ball screw and nuts driven by servo-controlled hydraulic 
motors. The front cross or work slide has a 137-cm (54-ln.) travel; the 
rear or wheel-tool slide has a 71-cm (28-in.) travel. 

The grinding head consists of a ball-bearing spindle for a rotating 
grinding wheel mounted on a vertical hydrostatic slide with an adjustable 
vertical oscillating stroke up to 38.1 mm (1-1/2 in.). This grinding 
head provides the capability to precisely cut parts with a thickness as 
great as the stroke length. The 50-cm-diam (20-in.) grinding wheel is a 
180-grit, aluminum oxide, vitrified bond wheel with a 1.98-mm (0.078-In.) 
surface cutting radius dressed onto the periphery. Mounted behind the 
grinding wheel is a swivel-type dresser automatically operated and ar
ranged so that the amount of wheel dressed off is automatically compen
sated to maintain size. The machine has been retrofitted with a vertical 
spindle-milling attachment mounted on the grinding head to rmgh mill the 
template blanks prior to finish grinding. 

The electronic machine control unit is a Bendix Dynapath 1800 two-
axis integrated-circult tape control system. Operational control is via 
an eight-channel punched tape. Control information Is fed to hydraulic 
servo-motors that drive the feed screws of the machine slides. The system 
has a 0.00005-mm (0.00002-in.) minimum increment and will provide traverse 
rates up to 76 cm/min (30 ln./min). 

A.3 NC Drive Tape Generation and Use 

This section describes the generation of contrr'. tapes for the GCFR— 
CFTL FPS variable-width ribbon. The process Is the same for other types 
of heating elements except that the length and contour of the elements are 
different. Longer elements may require more than the two-stage setup de
scribed here. 

Tapes are generated from the contour information supplied from Eqs. 
(3.20) through (3.23). The NC tape program for control of the template 
grinding machine equipment consists of one control tape for each of the 
two stages of travel. The NC tapes are generated for only one side of 
the ribbon profile because the ribbon is symmetrical. One complete side 
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of the ribbon is machined using stage-1 and stage-2 tapes. Ribbon stacks 
are then reversed on the Machine, and the same two tapes are used to cut 
the profile on the opposite side of the ribbon stack. 

Figure 4.2 shows the machine drive path for stage-1; stage-2 (not 
shown) is similar. Both tapes consist of a setup pass and a contouring 
pass, shown by the appropriate lines In Fig. 4.2. The datum Is the hori
zontal line above the ribbon profile that is parallel to the cross or work 
slide of the machine. The stage-I setup pass starts and ends at the high 
point of the ribbon contour. The contour pass begins at that point and 
proceeds left to the ribbon contour, then right to a triangular tab at 
the far right of the machine travel. 

The NC tape for stage-1 is designed to machine more than half the 
contour length of the element, including the triangular tab. The tab's 
purpose is to establish the relationship of the second-stage tape to the 
program of the first-stage tape. The tab (Fig. 4.2) is a triangle with 
45° angles rising from the element surface. Pickup points for the stage-2 
program are on the sides of the tab, thus establishing the relationship 
of cross slide travel between the two programs. Because the programmed 
travel of the stage-2 tape overlaps programmed travel of the stage-1 tape 
by ~25 mm (1 in.), the tape's tool path for stage-2 will blend with the 
finished surface of that of stage-1. This overlap accurately establishes 
the main or tool slide relationship between the two program tapes. 

Control of the relationship of the two sides of the heating element 
stack contour Is by measurement across each end of the element stack, 

ORNL-OWG 80-S638A ETD 
CONTOUR PASS FOR STAGE ONE 

STAGE 
ONE -

ALIGNMENT TABA "" !TA G E 

• „ _ _ _ \ — . TWO 

Fig. 4.2. Contour defined by stage-1 NC tape for GCFR-CFTL FPS 
variable-width heating element. 
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making a 57.13° angle (32.87° with its perpendicular) to the travel of 
the cross slide. Thus, the cross slide relationship to the rotated ele
ment stack is established, and, by measuring across tfte center of the 
element, the main or tool slide relationship to the rotated element stack 
is measured. 

4.4 Process Development 

The GCFR-CFTL elements are fabricated from 0.25-mm (0.010-in.) 
Kanthal A-l stock placed in a stack of 15 pieces held between 2 steel 
plates that provide support. Figure 4.3 is a photograph of the stacked 
Kanthal stock being encased within the steel plates. The top plate (to 
left in the photo) is the reference part of the entire stack and has two 
7.6-cm-long (3-in.) datum feet, premachined on one longitudinal edge lo
cated 101 cm (40 in.) from center to center and equidistant from either 
end of the plate. 

The ribbon stock is stacked between the two steel plates flush with 
th<» edge opposite ':he datum feet and flush with the left end when facing 
the edge having the datum feet. The entire stack is then clamped in po
sition to the front-side support fixture (Fig. 4.4) situated on the 
cross slide of the machine. This support fixture consists of a 9.5-mra 
(0 375-ln.) steel plate that is 30 cm (12 in.) wide and 177 cm (70 In.) 
long, Including the datum feet. This plate is identical to the stack top 
plate on one longitudinal edge and has a premachined element contour on 
the other edge. Toe clamps are positioned along the contour every 15 cm 
(6 in.). 

With the stack-support fixture assembly firmly clamped Into place, 
the program tape for stage-1 Is used to define the path of a 3.7-mm-diam 
(0.156-ln.) flute high-speed steel end mill that rough cuts the contour 
of the first stage of the element's front-side. The end-mill cut is set 
up relative to the cross slide and the tool slide, allowing sjfflclent 
stock to be removed during subsequent grinding of the stage-1 element 
contour. After the stage-1 front-side contour is rough cut, the cutter 
is moved out of position and replaced with the grinding wheel, utilizing 
the same program tape as for rough cutting. The stage*1 element contour 
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Fig. 4.3. Stack of 15 ribbons being encased within stainless steel 
holding plates. 
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Fig. A.A. Front-side support fixture. 
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is finish ground (Fig. 4.5). Still encased in the front-side support 
fixture, the element stack is then moved in a longitudinal direction on 
the cross slide to set up for stage-2 rough—cut end milling (Fig. 4.6). 
The end mill then machines the second portion of the front side of the 
element contour in the same nanner as previously described. Relationship 
between the cutter passes of the two tapes is maintained because the sane 
datum surface, located on the element stack (front-side support fixture 
assembly), is used on each setup. 

At this point in the machining process, with half of one side of the 
element stock finish ground and the other half rough cut, the alignment 
tab located at the end of the first portion of the contour (Fig. 4.6) is 
milled from the contour because It is no longer necessary in the machin
ing process of the front-side element. With the second portion milling 
pass completed, the contour is ready for finish grinding. Final relation
ship between the first and second portions of the contour surfaces is es
tablished to within 0.0025 mm (0.0001 in.) by fine blending of the ground 
surfaces with a blue die (Fig. 4.7). This completes the grinding opera
tion of the front side of the element contour. 

At this point, the entire element stack-support fixture assembly is 
removed from the machine and replaced with the backup plate fixture (Fig. 
4.8). Thfe backup plate fixture consists of a top support plate similar 
to the front-side support fixture except that its front surface is a rep
lica of the element contour. The bottom plate of the backup plate fix
ture, also with a premachined contour on one edge, extends outward from 
beneath the top support plate for a distance equal to the designed ele
ment width minus 50 mm (0.020 in.). Toe clamps are affixed every 15 cm 
(6 In.) along the contour on the plate to hold the element stack in posi
tion. To assist In in-process element width control, slots are machined 
in the plate in mldcontour position and at each end of the contour. 

The element stack front-side support fixture assembly is moved back 
to the machine to place the previously finished front-side element contour 
In position firmly against the contour of the top support plate. The toe 
clamps of the top support plate are tightened down (Fig. 4.9) to hold the 
element stack in position. After the top support plate toe clamps are se
cured, toe clamps on the front-side support fixture are loosened, allowing 
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Pig. 4.5. Stage-1 element contour being finish ground. 
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Pig. 4.6. End mill shown just past alignment tab in position to 
start stage-2 rough cut. 
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Fif», 4.7. After alignment tah is machined off, stage-1 and stage-2 
contour surfaces are established to within 0,0025 mm (0.0001 in.) by fine 
blending with blue die. 
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Fig. 4.8. Backup plate support fixture and auxiliary support fixture 
attached to each other by attachment bars at either end. 
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Fig. 4.9. Start of end milling of first stage of second sloe of ele
ment stack. End-mill cut Is posltlonad by scribed line shown. 
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the fixture to be separated from the element stack and to be replaced by 
~n auxiliary support fixture (Fig. 4.10). The auxiliary support fixture 
is a 15-mm-thick (0.6.5-in.) aluminum plate with the element contour ma
chined on both solid and notched longitudinal edges. Designed to steady 
the eleme.it stack during the rough-milling stage of the second-side con
tour machining, the auxiliary support fixture is attached to the backup 
p'.ate fixture by a 50-mm-wide (2-in.) by 25-mm-thick (1-ir.) pteel bar 
at each em'. Bolted in position beneath the element stack, the auxiliary 
fixture supports it ~25 mm (1 in.) away from the backup plate fixture, 
allowing enough roop for a milling cutter to pass between the two plates. 

With the element stack nestled in the backup plate fixture and sup
ported by the auxiliary support fixture, the first stage of the second-
side contour is ready for machining. Setup positioning for the milling 
operation of the first portion of the contour is established on a scribed 
line located the width of the 'jlemer.t away from the finished surface of 
the first-side contour (Fig. 4.9), Machined into the front-side contour 
and used for cross slide location, the alignment tab is not machined into 
the second-side contour. Instead, the tab's outline is scribed on top of 
the top plate of the element stack (Fig. 4.10). After setup is complete 
[allowing 1.7 mm (0.070 in.) excess stock], the first stage of the .--econd-
slde is rough milled, and the entire assembly is moved on the cross slide 
i>.to position for the second stage of the second-side contour milling 
(Fig. 4.11). Setup for slide locations is similar to that used on the 
front-side contour. 

After completion of two rough-milling phases of the second-side con
tour, the element has been severed from the remainder of the stack. The 
stack auxiliary support fixture assembly is then unbolted from the backup 
fixture (Fig. 4.12) and removed from the machine, allowing the backup 
plate fixture (with the elements attached) to be repositioned for grind
ing of the first stage of the serond-slde contour. 

Before the grinding operation, a steel tab (used for setup) Is bolted 
to the under surface of the backup plate fixture at the end of the first 
portion of the contour (Fig. 4.13). A milling pass of 0.76 mm (0.030 in.) 
depth is then made, establishing 45° ang.'es on the newly affixed tab. 

http://eleme.it


Fig, 4.10. Outline of alignment tab Is scribed on top plate of elb-
ment stack to reference stage-2 to stage-1 of second side. 



36 

Fig. 4.11. Completion of second-stage mil l ing of second side of e le 
ment stack. 

I 
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Fig. 4,12. After completion of milling passes, auxiliary support 
fixture is detached from backup fixture leaving first stack of machined 
elements ready for final grinding of their second side. 
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Fig, 4.13. Prior to second side, stage-l grinding pass, a tab Is 
bolted to support fixture. Tab is then scribed to establish stage-l to 
8tage-2 alignment. 
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Next the grinding pass is made to finish the tirst stage of the second-
side contour (Fig. 4.14). Relationship between the second side and the 
finished first side of the element is maintained by micrometer measure
ments across the element stack at the longitudinal midpoint (Fig. 4.15) 
and across the starting end of the element. The final relationship be
tween the first and second stages of the contour is again established by 
the overlap of the two programs for a distance of ~25 mm (1 in.). The 
finished surface of the first stage Is coated with a blueing liquid for 
a distance of 25 mm (l in.), and the two surfaces visually blend as the 
ground surface of the second stage appears on the blued finish surface 
of program No. 1. After the designed element width is achieved, the 
element backup plate fixture is moved on the cross slide into position 
for the final operation. 

The setup for the second stage of the second side is made on the 
alignment tab, as described previously. This is follow, d by rough mill
ing and the rough- and finish-grinding passes. Width control measure
ments are again taken at element midpoints and across the ends. The ge
ometry of the variable-width element allows minimal correction by cross 
slide movement without appreciably affecting the element design width. 
After the design width has been achieved at the end and at the blend 
point of first and second stages, the machining of the 15-element stack 
is complete (Fig. 4.16). 

The stack is then undamped from the backup plate fixture, each ele
ment Is Inspected, and all burrs are removed with a 600-grlt emery cloth. 
Using 15-cm-wIde (6-in.) starting stock, 4 additional grcups, totaling 
75 elements, can be machined from the original stack. Four groups can 
he machined from 10-cm (4-ln.) stock. 

Figure 4.17 shows the geometry of the elements inscribed within the 
ribbon stock outline. Element local width and contour tolerances within 
0.013 mm (0.0005 in.) have been achieved consistently. The total time to 
fabricate 60 elements Is ~200 h, or 3.3 h/element. The NC tape genera
tion, design, and fabrication of tooling (a one-time task for each type of 
variable-width element) takes ~280 h. Although the limitation on stacking 
probably has not been reached, larger stacks would not be practical. The 
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Fig. 4.14. Stage-1 grinding pass of second side Is then completed. 



41 

IY-12 PHOTO 19*5*5 

'"{ft.'*"*. 

Jfc 

^ • O ~--4S 

V 

~>. . 

Fig. 4.15. Ribbon design width Is established by micrometer measure' 
raent of element stack at Its midpoint. 
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Fig. 4.16. Completed stack of IS elements with top and botton steel 
plates. 
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Fig. 4 .17. FPS heating element geometry within ribbon stack. 

machining of a greater number of elements in the stack would be achieved 
only with the use of spec ia l longer f lute end m i l l s . Using longer end 
mil ls wo *ld then present increased cutter pressures leading to cutter 
breakage ana increased machining time. 
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5. RIBBON' WINDING 

5.1 Oeneral 

The contour-ground Nichrocie V or Kanthal A-l variable-width ribbons 
are fo_ ned into spirally wound coils using the method and equipment dis
cussed here. Although development of winding techniques was accomplished 
for both (-CFR and BRP FPSs, only the winding of GCFR ;oils will be de
scribed. Strfps provided for winding were geometrically defined and fab
ricated so that, when correctly wound about an appropriately sized cylin
drical substrate or mandrel, (I) a uniform gap exists between all coil 
turns (for those coils programmed to be wound with a gap), (2) a desired 
coil outer diameter is achieved, and (3) a coil of a defined finite length 
results. 

Reproducibility of coil parameters is highly desired, this demands 
that a high-precision, automated winding machine be utilized. Most im
portantly, the precision winding process requires winding equipment that 
possesses a controllable variable lead rate (inches per revolution). This 
can be programmed to be synchronous with the contour ground strip dimen
sions as the strip is wound onto a properly sized substrate. The Develop
ment and Assembly divisions of the Y-12 Plant have such equipment and pro
vided technical and fabrication support for the winding process. 

5.2 Coil-Winding Machine and Associated Fixtures 

The Black-Clawson four-axis NC winding machine has the required con
trol capabilities and thus was selected to wind the colls (Fig. 5.1). 
This machine can filament wind a surface of revolution within a dimen
sional limit of 4.4 m (4 ft) in diameter by 8.8 m (8 ft) in length. Most 
conventional filament-winding applications require use of the four-motion 
axis depicted in Fig. 5.1. However, for winding of variable-width coils, 
only the Y-axis and 9-axis motions were required. Neither the X-axis nor 
the A-axis were employed. A typical coil-winding operation is shown in 
Fig. 5.2. For GCFR coils, a 3.68-mtn-diam (0.145-in.) stainless steel 
rod was used as the winding substrate. This rod was ~122 cm (48 in.) 
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Fig. 5.1. Schematic layout of Black-Clawson winding machine. 

in length and was loaded under tension between the headstock (base of 
m^-hlne) and tailstock (Fig. 5.2). Additional fixtures required to wind 
tti» coils include a winding die mounted to the machine ram. A close-up 

of the headstock chuck and the coil-winding die is shown in Fig. 5.3. 
Figure 5.4 shows a coil being wound with a die affixed to the machine ram. 

The winding is positioned by the ram so that the winding mandrel Is 
concentric to the precision-drilled hole through the tungsten carbide in
sert in the body of the die (Fig. 5.4). The die is made In two sections 
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Fig. 5.2. Typical coil-wlndlng operation. 
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Fig. 5.3. Headstock chuck and winding die. 
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Fi?;. 5,4, In-proceas coil winding with die, held by machine ram, 
moving upward vertically on a rotating mandrel. 
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(Fig. 5.5) so that the ribbon strip can be positioned with the die body at 
the approximately correct feed angle prior to Initiation of automatic 
(tape control) winding. 

As evident in Fig. 5.3, the first two coil turns are manually wound 
and formed above the winding mandrel using modified hand tools (Fig. 5.6). 
After the coil Is prepared for winding (as described previously), the mat
ing half of the winding die Is attached and tightened. Alignment pins are 
used to ensure a circular die bore when assembled. 

The central bore of the die for the GCFR coils was 4.24 mm (0.167 
in.). Used with a nominal 3.68-mm (0.145-in.) winding mandrel, this di
ameter results in a nominal radial clearance of 0.025 mm (0.001 in.) 
used with a 0.25-mm-thick (0.010-in.) Kanthal A-l or Nichrome V strip. A 
ribbon-strip feed slot is machined on one-half the die body with the feed 
angle at 22.5°, measured with respect to the horizontal plane (Fig. 5.5). 
This is required to allow the ribbon to feed freely Into the working bore 
of the die and also to maintain automatically the proper feed angle at the 
wound coil midpoint. 

5.3 Coil-Winding Program Design 

Design of the winding program is accomplished using a relatively 
simple computer code that requires an effective mandrel diameter and the 
contour definition of the ribbon strips as input. 

The die speed is programmed to vary in proportion to the element 
width perpendicular to the mandrel axis w y. Winding parameters are ad
justed to satisfy the equation 

wv + Gv 

• J V J L " Deff • <*>•» 

where Gv i s turn-to-turn gap dimension perpendicular to the mandrel axis 
and D

e f f i s e f f ec t ive winding diameter. For winding with no gap, 

w 
V 

°ef f - f . 

where Deff equals 0D — t ideally but may vary from that value somewhat 
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Fig. 5 .5 . Typical winding d i e . 
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Fig. 5.6. Tooling used to form strip ends for Initial attachment to 
winding mandrel. 
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tf tensile and compressive stresses on the ribbon material are not similar 
In value. For the GCFR colls, the effective diameter used for final wind
ing pattern definition was 3.94 mm (0.155 in.). 

Ribbon contour data input is the x,y information calculated from 
Eqs. (3.20) to (3.23). Output from this code includes parametric winding 
information for analysis and a machine control manuscript converted to 
punched cards for further computer processing to generate the machine con
trol tape. These data are used as parametric input for the winding pro
gram. The winding program is designed to wind the coil incrementally by 
calculating a rotary displacement between successive points of the input 
contour definition that will wind the defined length of ribbon onto the 
mandrel. Included in the information calculated is (1) the incremental 
lead rate (TURNS/CM) of the winding program, (2) the coil turns (INCRE
MENTAL REVOLUTION) between successive points of the contour definition, 
and (3) the TOTAL REVOLUTIONS (coil turns) required to wind the contoured 
strip to the prescribed length using Input data. 

As Indicated previously, only two machine axes are programmed — the 
vertical motion of the ram (Y) and the rotary motion of the head stock (6). 
The machine is programmed to maintain a uniform rotational speed that re
sults in a variable vertical speed consistent with the defined variation 
in rlhbon width at respective points of the contour definition. 

For the simplest case, the rotational speed is adjusted so that the 
Y-axls die movement will wind with the turns touching (i.e., no gap or 
overlap). However, as the die travels up the mandrel, winding forces 
cause the mandrel to twist, in addition, mandrel diameter variations 
and/or heating element mechanical property variations cause further per
turbations that manifest themselves as errors in the Y-axis die loca
tion. Mandrel twisting or element elongation causes the true winding 
length to be less than programmed length, thus causing gaps between turns 
and excess element material at the end of the winding operation. 

Several steps were taken to reduce or compensate for these errors. 
The die was designed so that its inside diameter was 0.05 mm (0.002 in.) 
larger than the mandrel and element outside diameter; a lubricant was 
used to reduce friction, and centerless ground molybdenum or swaged, har
dened stainless steel mandrels were used in winding. Centerless grinding 
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greatly reduces diameter variations, and the increased torque modulus of 
hardened stainless steel or molybdenum (when necessary) reduces mandrel 
twisting. Additional iterative modifications to the winding pattern were 
required to correct for mandrel twist and to achieve the desired degree 
of coil symmetry. 

To alleviate the problem of empirically adjusting the software to 
correct for hardware deficiencies, additional tooling was designed and 
installed on the winding drive mechanism. This mechanism tied the head-
stock, to the tailstock so that the winding mandrel was driven from both 
ends. This additional tooling was effective in permitting fabrication of 
more symmetrically wound coils with minimal empirical software adjustment. 

Coils with diameter uniformity of 0.125 mm (0.005 In.) and length (as 
well as gap) tolerance variations of about 10Z are now easily wound. Pro
cess and material variations preclude further Improvements in tolerances. 
However, colls of this quality are more than sufficient for use in FPS 
after receiving a final touch-up operation described in the next section. 



55 

6. U0UND-R1BB0N PROCESSING AND INSPLCTION 

6.1 General 

Final winding of the variab e-width ribbon produces a helical coil 
with dimensional and electrical characteristics very close to those de
sired. However, material properties and winding parameter variations 
make it impossible to obtain the dimensional tolerances required for use 
of the coils in FPSs. For example, coil springback after winding is 
0.25 to 0.5 mm (0.010 to 0.020 in.) depending on (1) winding die toler
ances, (2) mandrel size and mechanical properties, (3) ribbon material, 
and (4) local width of the ribbon being wound. Additionally, variations 
in gap spacing on the <*rder of 0.25 mm (0.010 in.) are unavoidable. 

Thus, determining a method of providing final touches to the coils 
was necessary to obtain the very close tolerances needed for FPS fabrica
tion. Further, inspection methods that accurately Indicated the condition 
of the ribbons were needed. 

The chemical composition and resistivity of the raw material and 
the thickness of the strip from which the ribbons are to be cut are speci
fied in the purchase order and certified upon receipt. Ribbon contour 
Is closely controlled during machining. The remaining properties critical 
to our use are total element resistance, diameter and length of the wound 
coil, and thermal profile of the finished coil under transient conditions. 
The first two properties are determined by in-process checks that are 
easily accomplished using available equipnent. During the development 
of fabrication techniques, the checks are needed to provide feedback to 
control dimensional tolerances of the coll and maintain the quality once 
the process Is In use. Thermal profile evaluations are conducted with 
special equipment to help determine the effects of dimensional variations 
on the profile and to provide Information on defects introduced during FPS 
fabrication that affect the profile. 

6.2 Final Touches and In-Process Inspections 

The winding operations introduce cold-work into the coils, thus in
creasing their rigidity. Unfortunately, the operations also deform the 
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windings by (1) making their outer surface concave, (2) roughening the 
surface somewhat, (3) causing gap variations, and (4) setting the turns 
at a diameter that is often unpredictable and varies with the width of 
the turns. These difficulties can he corrected by introducing a swaging 
operation into the coil fabrication process. 

Prior to swaging, the colls are tightly wound on a hard stainless 
steel mandrel with the turns touching. Both ends are attached to the man
drel, one with a clamp and the other by spot welding. The coils are then 
carefully swaged to lock them into this configuration. After swaging, the 
colls are removed from the mandrel. Swaging supplies additional cold-work 
to the coils to (1) lock the turns in place, (2) set the diameter, (3) re
move the concavity introduced by winding, and (4) decrease the surface 
roughness. Dependi..g on the element material and configuration, a spring-
back of 0.025 to 0.076 i?m (0.001 to 0.003 In.) Is predictable and easily 
corrected by proper sizing of the swaging mandrel. 

Additional cold-work put into the colls by swaging makes them rigid 
and mechanically similar to a spring. Gaps between turns are theii pro
duced simply by stretching the coils about 5 to 10% of their length. The 
colls do not plastically deform under these conditions; thus, gaps between 
turns no longer depend on the local material yield stress and are quite 
uniform. 

After swaging and dlmensionally Inspecting the coils' outside diame
ter with a micrometer, the coils are cleaned in a vapor degreaser and 
cut to the exact length required. Equal amounts are cut off each end to 
maintain a symmetrical chopped-coslne profile. 

The electrical resistance of the coils is closely monitored through
out their fabrication. Each coil is assigned a serial number after being 
machined. Resistance is measured and recorded at that time as well as 
after (I) winding, (2) swaging, (3) assembly Into an FPS, (4) swaging of 
the FPS, and (5) annealing of the FPS. The data collected are used to de
termine the optimum value of the design resistance based on the final coil 
resistance needed in the FPS. 

Resistance values are measured with a system that uses a dc power 
supply, a digital voltmeter, a 1-ft resistor calibrated to 0.01%, and 
associated leads and switching equipment. Heating elements are connected 
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to the dc power supply In series with the 1-fl calibrated resistor. Volt
age across the resistor Is monitored, set to 1.0000 V (1.0000 A through 
the circuit), and then monitored across the elements. This reading in 
volts corresponds to the exact resistance in ohms. Contact resistance 
is eliminated using this method. Repeatability was demonstrated to be 
better than 0.5%. 

6.3 Transient Thermal Profile Evaluation 

An important aspect of coil fabrication is the evaluation of its 
transient temperature profile before assembly ot the coil into the FPS 
swu^h The evaluation must answer the question, "How well docs the heat 
distribution produced by the coll fit the design criteria?" Because we 
were interested in a test for the coils that described heat distribution, 
a logical methoo was infrared scanning. Although inspection by infrared 
scanning of FPSs has been used for some time, it was not used for inspec
tion of any central heating element until development of the variable-
width coll for production of a cosine temperature distribution. These 
investigations were done during the testing of several types of colls. 
Although specimens used for development of the test procedure differ In 
design, they do not Introduce uncharacteristic variables. 

The nature of the Infrared scanning camera dictates that test ob
jects must be held in a horizontal position, and the need for near-perfect 
alignment of the flexi,~e coll posed a few installment problems. For ex
ample, the coll could not be suspended between ..wo points without sagging. 
This meant that a stiff supporting arbor, electrically Insulated from the 
coll, was needed. A Pyrex glass rod would have served very well, but com
mon rod diameters were not suited uo a close fit with the coil's Inside 
diameter. The most acceptable arbor was made from a brass rod enclosed 
by shrinkable tubing. The brass rod was swaged to an outside diameter 
about 0.25 mm (0.010 In.) smaller than the inside diameter of the coil. 
When the shrinkable tubing was reduced to a tight fit on the brass rod, 
the final diameter allowed the arbor to be smoothly, but snugly, Inserted 
into the coil. 
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Initial infrared scanning was accomplished with the coil in its nor
mal relaxed length. Also, because of a concern for the inability to com
pletely remove the coil, flat black paint normally applied to adjust the 
surface emissivity to ~1.0 was not used. Figure 6.1(a) shows the tem
perature profile of a BRP coil at the end of 6 min with a 25-W input. 
The signal on the left ordinate of the scan is from a temperature refer
ence source set at 70°C (158°F). However, the actual peak temperature of 
the coil is higher than 70°C (158°F) because the eraissivity of the coil 
material is considerably less than unity. Baseline for the scan is room 
temperature — about 23°C (73°F). 

Figure 6.1(b) shows the smoothing effect when the coil is stretched. 
Here the coil is elongated about 2.5 cm (1 in.) and is close to its 
final condition in an FPS. Power and heating time are the same as for 
Fig. 6.1(a). Note the disappearance of the hot spot to the right of the 
coil's center. Stretching resulted in much more uniform turns-per-lnch 
distribution because of the previous cold-work in the coil. 
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Fig. 6 .1 . Temperature profile shown by infrared scan of (a) relaxed 
and (b) stretched BRP c o i l at the end of 6 min with 25 W applied. 
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Because the nonuniform!ties in the temperature profile could be the 
result of nonuniformity of emissivity, it was desirable to paint the ele
ment to adjust the surface eraissivity to ~1.0. To ensure easy removal of 
the element from the mandrel after the test, efforts were turned to the 
development of a paint removal method. The paint used is readily soluble 
in ethyl alcohol, and inmersion of the coil in the alcohol with agitation 
by ultrasonic action served to thoroughly remove the paint. Final clean
ing of the inside surfaces was by swabbing with alcohol-saturated pipe 
cleaners, while the outside was wiped with alcohol-saturated gauze. 

A second BRP coil was chosen for tests to show the effects of non
uniform enissivity. Figure 6.2(a) shows the temperature profile of the 
unpainted stretched coil at 6 min with 25 W. Figure 6.2(b) shows the same 
coil painted and the obvious effect of improved emissivity on the smooth
ness of the profile. Also, the time has been reduced to I min with the 
same applied power for the apparent temperature to reach the level of the 
reference at 70°C (15R°F). 
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Fig. 6.2. Temperature profile shown by infrared scan of BRP coil 
(a) stretched but not painted and (b) stretched and painted to unify 
emissivity. 
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Infrared tests on the FPS indicated that high-power—short-time 
tests would describe the coil's heat production uniformity better than the 
low-power—long-time tests, because the amplitude or pertubation was higher 
and there was less time for profile "smoothing" because of axial conduc
tion. The coil chosen for this investigation was one for the GCFR FPS 
and was to provide a chopped-cosine temperature profile. The added sensi
tivity of the short-time transient test can he seen when comparing Fig. 
6.3(a), which shows he temperature profile for the low-power—Ion^-time 
test where 60 W was ipplied for 1 min, with Fig. 6.3(b), which shows how 
the coil anomalies are accented by the high-nower—short-time test where 
I kW was applied for 1 s. 

Finally, if a very detailed analysis of a coil's performance is de
sired, the sensitivity of the infrared test can be Increased by moving 
the coil closer to the camera and by reducing the camera sweep angle. 
Sweep angles of 10 and 25° are available. Normally, the distance between 
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Fig. 6 . 3 . Temperature p ro f i l e shown by infrared scan of GCFR c o l l 
s t r e t c h e o , pa in ted , and a t (a) low power (f>0 W) for 1 min and (b) high 
power (1 kW) for 1 s . 
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camera and test object is set so the camera scans a path slightly longer 
than the test object at the 25° sweep angle. Figure 6.4(a, b, and c) 
shows infrared scans of a coil that «ras supposed to have a flat tempera
ture profile with a uniform 2.76 turns/cm (7 turns/in.) over a 91.4-cm 
(36-in.) length. Obviously, an area existed where the turns were faulty, 
and the figures show how sensitivity is increased to the point where heat 
production from individual turns In Lhe faulty area can be observed. 
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Fig. 6 .4. Temperature p ro f i l e shown by infrared scan of const? >t 
turn c o i l s t r e t ched , pa in ted , and a t 3.4 kW for 1 s with a camera-to-co<T 
d i s tance of ( a ) 236 cm (93 i n . ) , 25° sweep angle; (b) 84 cm (37 i n . ) , 25° 
sweeo ang le ; and (c) 46 cm (18 I n . ) , 10° camera sweep ang le . 
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Once these techniques for evaluation of the coil transient profile 
were Established, both the method and tolerances established by swaging 
the colls to set this diameter and the gaps were apparently sufficient. 
Variation In the coll diameter of more than ±0.025 ran (0.001 in.) were 
easily measurable. Refects causing gap variations that affected the tran
sient thermal profile were obvious both on visual examination and by mea
surement of the gaps of stretched oils. A properly swaged coil exhibited 
gap variations (for a given winch and winding angle) of no more than 
0.05 mm (0.002 in.). 

infrared scan evaluations of the same coil, before and after fabrica
tion into an FPS, helped to establish realistic operational inspection 
criteria for the coils and to determine the effect of defects on the 
final FPS transient profile. 

Figure 6.5 compares infrared scans of part (a) a completed coil and 
part (b) a completed FPS using the coil of (a). A discontinuity in the 
coil gaps, causing an abrupt decrease in the turns per centimeter of about 
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(a) BARE COI .. STRETCHED AND PAINTED; POWERED 
AT 25 W r OR 4 mm 

(b) CORE TRANSIENT SCAN OF THE COIL IN (a). 
INSTALLED IN A FPS; POWERED AT 12.8 kW 
FOR 1 I 

Fig. 6.5. Temperature profile shown by (a) a completed coil stretched 
and painted and at 25 W for 4 mln and (b) same coll In a BRP FPS core 
transient scan at 12.8 kW for 1 s. 



107, hist to the right of the center of the cosine profile, was inadver-
tentlv put there during swaging. This defect is clearly discernible in 
both the bare coil and conpleted FPS. The coil profile of Fig. 6.5(a) 
is also accurately reproduced in Fig 6.5(b). 

These data indicated that a 4-min steady-state scan of a stretched 
coil gives good correlation with the 1-s transient Infrared scan of the 
completed FPS, although more detailed coll profile information is possible 
using high-power transient and close-up narrow range scans (as mentioned 
previously). 

The final measure of transient performance of an FPS is obtained 
from a transient infrared scan. Figure 6.6 shows (a) steady-state, 
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Fig. 6.6. Infrared scans of BRP fuel pin simulator: (a) core 
steady state, (b) core transient, and (c) clad transient. 
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(b) core transient, and (c) clad transient infrared scans of a BRP FPS 
that has been fabricated with a variable-width ribbon heating element. 
The core transients are obtained by applying power to the heating element 
and scanning the clad with an infrared camerat the clad transient is ob
tained by applying power to the clad before scanning it. Heat is trans
ferred outward to the clad surface in the first two cases and inward to 
the FPS in the latter case. Variations reflect differences in radial 
heat transfer at different axial positions. For transient infrared scans, 
power is applied to the FPS for slightly more than 1 s, but at the I-s 
instant the temperature profile of the clad is captured by the scanning 
system instrumentation and displayed as shown. 

The core transient infrared scan profile is representative of the 
transient operation of the FPS, because it is at a relatively high power 
(~12 kW) with a ramp rate [50°C/s (90°F/s)] representative of operational 
tests. 
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7. CONCLUSIONS 

Variable-wtdth ribbon heating elements have been successfully fabri
cated for use in BRP and GCFR FPSs. This effort wa^ accomplished through 
the cooperation of two ORNL and three Y-I2 divisions: the ORNL Engineer
ing Technology and the Metals and Ceramics divisions, and the Y-12 Devel
opment, Assembly, and Fabrication divisions. 

Design of variable-width ribbons Is based on a mathematically de
rived equation for the chopped-coslne profile. The design takes into ac
count the synchronous variation of the local ribbon width with the wind
ing angle, so the cross section (and therefore local heat generation) can 
change essentially independent of turn-to-turn spacxw,,. 

Once determined, the ribbon profile is machined on an NC template 
grinding machine to a local width and contour tolerance of better than 
0.5Z. Ribbons are wound into colis using a Black-Clawson four-axis 
filament-winding machine. The coils are then swaged, cleaned, cut to 
length, dlmenslonally inspected, and infrared scanned prior to use. 

Infrared scan evaluation techniques were determined as part of the 
effort. Transient infrared scans of colls indicated that a coll outside 
diameter tolerance of ±0.025 mm (±0.001 In.) an-* coll gap variations of 
0.05 mm (0.002 In.) were acceptable from a transient thermal profile 
standpoint. Infrared scans were used to correlate thermal inspections 
of the bare coll to those of the competed FPS. It was determined that 
a 25-W 4-mln powered scan of a bare coll accurately reflects the 1-s tran
sient Infrared scan used to evaluate FPSs, while high-powenhort-tlme 
scans are even more sensitive. 

While maintaining a variable profile, the colls fabricated with very 
small gaps between turns were subsequently Installed successfully In so
phisticated FPSs using a precise FPS fabrication technology based on cold-
pressed BN preforms. The elements were then successfully operated as 
components of THROS Bundle 9 FPS, TH0RS Bundle 12 FPS, and GCFR-CFTL 
Bundle AG-1 FPS prototypes. 
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