
CERTAINDATA
CONTAINEDIN THIS
DOCUMENTMAYBE
DIFFICULTTOREAD

IN MICROFICHE
PRODUCTS.



DOE./PC/79676-T2
(DE91004166)

LIGHTWEIGHT TRANSFORMER

4__ Final Report for thr' Period September 1987--May 1990

May 1990

Work PertormeclUnder Contract No. AC22-87PC79676

For

U.S. Department of Energy
Pittsburgh Energy Technology Center
Pittsburgtl, Pennsylvania

By
Avco Research Laboratory, Inc.
Everett, Massachusetts



==.... _ .... Ul....... i ...... di. .... J ,,.,, _ii,, ,_ ,L I.=='

DISCLAIMER

This mpon was prepared as an aoooum of work sponsored by 8n agency of the United" States
Governn_nt, Neitherthe UnitedStatesGovernment nor any agencythereof,nor any oftheir

employees, makes any warranty, expr¢_ or implied, or assumes any legal iiabihty or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclose,d, or represents that its u.s¢would not infringe privately owned rights. Reference herein to
any specific commercial product, process,or scrv=ceby trade name, trademark, manufacturer, or

otherwise dots not necessarily constitute or Unply its endorsement, recommendation, or favonng
by the United States Government or any agency thereof. The views and opinions of authors ex.

pressedherein do not r_ga:_,_rily state or reftcct those of the United States Government or any
agency thereof.

This reporthasbeenreproduceddirectlyfromthe bestavailablecopy.

Available to DOE and DOE contractors from the Office of Scientific and
Technical Information, P.O. Box 62, Oak Ridge, TN 37831; prices available
from 1615)576-8401, F'rs 626.8401.

Available to the public from the National Technical Information Scrvice, U. S.
Department of Commerce, 5285 Port Royal Rd., Springfield, VA 22161.

Prtcrta<lin t_. Urdtet_StatesofA.menc_.OtlK:_of Scaen_)camdT_ Ir_om_Ix>n,_ P_3ge,Tennessee



DOE/PC/79676--T2

DE91 004166

LIGHTWEIGHT TRANSFORMER

Daniel W. Swallom and George Enos

Final Report for the Period September IgB? - May 1990

May 1990

prepared for

U.S. DEPARTMENT OF ENERGY

PITTSBURGH ENERGY TECHNOLOGY CENTER

Contract No. DE-AC22-BTPC?9676

by

AVCO RESEARCH LABORATORY, INC.

a subsidiary of textron Inc.

23B5 Revere Beach Parkway

Everett, Massachusetts 02149



FOREWORD

This final report was submitted by Avco Research Laboratory, Inc. under
Contract No. DE-AC22-B?PC?g676. The effort was sponsored by the United States

Department of Energy, Pitt'_burgh Energy Technology Center, Pittsburgh,
Pennsylvania 15236, with Leo Makovsky as the Program Manager. The work
discussed in this report was performed by Avco Research Laboratory, Inc.,
under the direction of George Enos, and by a major subcontractor,
O. Busek Co., Inc., Needham, Massachusetts, under the direction of
Dr. Vladimir O. Hruby.

The technical work performed on this contract consisted of the design,
fabrication, and testing of a lightweight transformer. Avco Research
Laboratory, Inc. conducted the overall program and performed the high power
transformer tests. J. Busek Co., Inc. designed and fabricated the transformer
and performed the low power testing.

This report was written and edited by the named authors of Avco Research
Laboratory, Inc. and by Dr. Vladimir J. Hruby of J. Busek Co., Inc.
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1.0 EXECUTIVE SUMMARY

The creation of the Strategic Defense Initiative Organization (SDIO) in

IgB3 has established a challenge to the technical community to provide the

required science and engineering necessary to achieve the objectives of the

SDIO. This technical challenge is present in the requirements for minimum

mass, high performance power conditioning systems capable of achieving the

space-based SDIO mission applications. Transformers and their related

structure are major components of the power conditioning systems for many of

the SDIO mission applications.

The technical effort described in this report relates to the program

that was performed to design, fabricate, and tesL a lightweight transformer

for SDIO mission requirements. The objectives of this program were two-fold:

(1) design and fabricate a lightweight transformer using liquid hydrogen as

the coolant; and (2) test the completed transformer assembly with a low

voltage, dc power source. Although the full power testing with liquid helium

was not completed, the program demonstrated the viability of the design

approach, l'he lightweight transformer was designed and fabricated, and low

andmoderate power testing was completed. Thus, this approach to the design

and fabrication of a lightweight transformer for a power conditioning system

appears to be feasible.

The transformer designed during this program is a liquid hydrogen cooled

air core transformer that uses thin copper for its primary and secondary

windings. The transformer winding mass was approximately 12 kg, or

0.03 kg/kW. Further refinements of the design to a partial air core

transformer could potentially reduce the winding mass to as low as 4 or 5 kg,

or 0.0125 kg/kW. No attempt was made on this program to reduce the mass of

the related structural components or cryogenic container.

While the results obtained during the program did not fully achieve the

initial program goals, the program successfully demonstrated the lightweight

transformer concept. A short between the transformer windings occurred during

the preparations for the final test. This prevented any further testing of the



transformer. Based on the results obtained,this transformertechnologyshows

promise for substantially reducing the transformer mass, and further

developmentand refinementof this concept shot_Idbe pursued.

-2-
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2.0 INTRODUCTION l

=

The long range plans of both the National Aeronautics and Space
m

Administration (NASA) and the Department of Defense (DOD) for future missions

in space include the need for large electrical power systems in the

megawatt-level range. These power systems will, of course, require suitable
_

megawatt-level inverter/converter systems to deliver the powe_: to the

electrical load at the proper voltage and current levels. Thus, a power

conditioning system must be developed in concert with the power requirements

as well as the specific electrical load requirements.

The most massive components of the power conditioning system are the

nonelectrical, structural components and the power transformer. Estimates

show that about eighty percent of the mass of a megawatt or larger dc to dc

converter is comprised of the transformer plus the structural, insulating, and

cooling components. Nearly half of that mass is the transformer. Thus, a

substantial reduction of the transformer mass would allow a similar reduction

in the structural components, and therefore, would have a significant impact _D

on the mass of the power conditioning _ystem. Hence, the focus of this

technical effort is on the development of a lightweight transformer.

An air core, cryogenically cooled transformer can achieve the desired

mass reduction. Approximate calculations indicate that the cryogenic, air

core transformer is nearly an order of magnitude 'less massive than the

conventional design with a ferromagnetic core. This may lead to an estimated

50 percent mass reduction of the power conditioning system. The cryogenic

fluid is liquid hydrogen, which is already required ill large quantities by

most of the space-based electrical loads under consideration. Thus, neither

the liquid hydrogen consumption nor the complexity of the system is

appreciably impacted by a cryogenic transformer.

Low voltage dc generators are being considered as power sources for

space-based NASA and DOD mission applications. A study of the feasibility of _

various power sources and their respective architectures for a variety of DOD

applications was recently completed. This study, the Space Power Architecture

Study, was performed by Martin Marietta and evaluated the prospective power

-3-



sources for a variety of electrical loads.(l) The study evaluated both

directed energy (DEW) and kinetic energy weapons (KEW) that would require

substantial amounts of electrical power. _.11 of thess devices requlre

mu_ttmegawatt dc power. With the exception of the electromagnetic launcher,

the remaining weapons require 100 kV dc or higher input voltages. Thus, these

DEWsystems require a multt,r_:egawat,t power c(_di_tontng system for nearly every

potential combination of power source and weapon.

For space applications, the power conditioning system mass, volume, and

efficiency are oT critical im.,portance. Based on current technology, an.

analysis of the _pace-based 1 _W dc to dc co_}verterswitched at 5 kHz w;th

5 k:/ dc input and 100 kV dc output indicates the following mass

dis_r,,bution.(?)

Percent

Semlconducto-s 30 5.4
Filters (inductorsand capacitors) 55 I0 0
Transformer 15? 2B.6
Mechanical (Structural,Thermaland

InsulatingComponents 30B 56.0

550 100.0

Thus, the mechanical packaging and the transformers,which are a necessary

part of any power conditioningsystem, representabout B0 percent of the total

mass of the dc to dc converter.

To reduce the "mechanicals',the design must depart from the standardJ

established practices and integrate the many previously separate structural,

insulating,and cooling components into fewer multirole co_Gr,cnt_: hence, the

result is a lighter system. The highly thermally conductive, electrically
l

insulating, mechanically strong materials, such as silicon nitride and

beryllium oxide, can be used. These materials, which are both lighter than

aluminum,offer significantpotentialfor substantialmass reduction.

To reduce the mass of the transformers,the switchingfrequency can be

increased(transformermass is inverselyproportionalto the 0.5 to 0.75 power

of its switching frequency) while utilizing the best available magnetic

cores. An alternative and potentiallymore rewarding approach is to develop

an 'air core" transfc...._r.
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lhe switching frequency is limited by the available semlconductnr

switches. The practical limit for high power SCR switches is about 25 k:(z.

When these devices are connectedin paralleland in seriesto achievegreater

current ,andvoltage handling capability, the maximum practical frequency is

5 kHz. Furthermore,above the 5 kHz switching frequency,studies have shown

that high voltage transformerscease to obey the inverse power law mass vs

frequency relatlonshlp.(3) The transformer mass becomes nearly frequency

independent above lO kHz. "rhus,to increase the frequency above 5 kHz is

unproductivewhile at the same time the circuit losses_re increased.

Because a lightweighttransformerrequires less structuralsupport,the

transformer mass reduction is amplified into a greater overall power •

conditioningmass reduction. A 50 percent power conditioningmass savings by

using air core transformers appears possible. Hence, the use of

multimegawatt,air core transformerscould have a very signifil:antimpact on

low voltage, space-basedpower systems,a._dthey could be used in any low mass

puwer conditioningsystem t_hatcouples any multimegawattpower source to its k;_

load.

The present concept evolved from investigatinghigh power (lO0 MWe),

high output voltage (lO0 kV) cryogenic air core transformersas a lightweight

alternative to the conventionaliron core transformers.(2) A conventional/

continuously operating air core transformer was shown te be as much as an

order of magnitude lighterthan the conventionalalternative.

Air core transformersfunction in the same manner as transformerswith

magnetic cores. Two or more inductivelycoupled coils are wound on a mandrel

so that when one coil is energized,the high rate of change of the generated

magnetic flux produces voltage on the terminalsof the other coil. Becauseof

the absence of ferromagneticor ferrite cores that provide a low impedance

(high magnetic permeability) path for the magnetic flux in conventional

transformers, low power, small size air core transformers that have self

inductance comparable to their leakage inductance are therefore are not

practical. Furthermore,because the flux linkage is strongly dependent upon

the proximity of the windings of one coil to the windings of the other

coil(s), the magnetic coupling is in general lower than in conventional

transformerswith magnetic cores. However, these disadvantagesare mitigated

in high power, high current, and high voltage applications where the
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interwinding spacing becomes small relative to the coil size, and the low

permeability is offset by large coil cross-sectionalarea (winding radius).

In addition, the absence of the core material makes the air core tr._nsfo_mer

free of cub'rentlimits and core saturation limits. These attributesmake the

air core transformer well suited for high power (lOlO watts), high primary

_urrent and secondary voltaqe (megavolts), short duration (microse(:ond_.)

pu_sed applications,t4_"" Short pulse and low rep rate means low energy

transfer that permits the transformer to operate in a heat sink mode. The

salient innovative feature of the present design is its continuousoperation,

which is permitted by cryogenic cooling. These _ransformerscould then be

used in any applicationfrom pulse mode to continuousduty without the usual

limi_ of the Joule heatingtransformerwinding losses. The transformercould

be used in any power conditioningcircuit, inserted between any power source

and load combination. Thus, its applicabilityis universaland not limitedto

a specific power system.

The most common t),peof an air core transformerhas spiralwindingsmade

of thin and wide conductor sheets separated by a wider insulatlng sheet as

shown in Figure I. The inner winding is usually the secondary and the outer

is the primary. This practice was followed in the transformer designed and

constructedduring this effort.
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3.0 TRANSFORMER DESIGN

The overriding factors in the design of the transformer were determined

by the available test equipment and by the requirement to make the

experimen al design scalable to actual large power transformers. The existing

equipment included:

I. Set of semiconductor switching circuits

2. DC power supply

3. Water-cooled load

Because of the nature of the switching circuit and its operating frequency the

experimental transformer had to have a mid-tap primary and operate at l kHz.

The power supply and the load voltage rating dictated the maximum transformer

voltage ratio of ten and a maximum power transfer of 400 kWe. These

parameters were then selected to be the basic inputs into the design process

and the traditional approach to the air core transformer winding structure

(a spiral with foil type conductor as shown in Figure l) was adopted. Several

conceptual design geometries (i.e., diameter and winding width) were evaluated

to determine those with the smallest winding mass. Two designs were selected

to be carried to the next step - the engineering design. The mass of the

structural components was not an issue that was addressed in this

proof-of-concept program.

There are three distinct transformer design considerations. The

foremost is electrical, followed by mechanical and thermal. Each is discussed

in the following paragraphs.

3.1 ELECTRICAL DESIGN

The two designs that were selected differ in conductor current density

and average core permeability. The salient specifications are shown in

Table I. A 50 percent increase in current density and an increase in

, permeability (from pure air core to a core with a ferromagnetic foil) results

-9--



in conductor mass reduction from about 12 kg to 4 kg. Thts substantial mass

reduction provided the incentive to perform the detailed engineering designs

for both transformers. The overall assembly of both designs is shown in

Figures 2a and 2b. The relative sizes can be compared using this figure.

In order to raptdly evaluate many potential designs, a spread sheet

based destgrl procedure was written. The inputs are:

I. Transformer primary current Ip (A)
2. Transformer primary voltage VD (volts)
3. Half the switching period a_ (sec)
4. Conductor current density J (A/mZ)

5. Thickness of the conductor foil rp, ts (m)

6. Thickness of the insulator foil _r Ss (m)7. Winding width of radius ratio.
B. Turn ratio Np/Ns
g. Magnetizing to primary current ratio Im/I
I0. Conductor and insulator density Pc, _s (kg/m3)
II. Conductor resistivity PR (a-m)
12. Conductor and insulator heat capacity Cc, Cs (Joules/kg - K)

With these inputs plus relative permeability and permittivity, the
procedure is used to evaluate a set of equations that constitute the
electrical design of the transformer.

The winding width, b, and winding raJius, r, are calculated from the

inputs, lp, Jp, and tp. The required primary inductance, Lp, tosustain the primary voltage for the given time for a foil wound coil i given
by

Vp at
Lp - .. . (1)

Im (I + r/b)

The number of primary turns (Np) is

Lp (l + b/r)
Np - - "-_o r ' (2)
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TABLE 1

SALIENT DESIGN PARAMETERS OF THE LIGHTWEIGHT TRANSFORMER

Design Baseline Desiqn High Risk Desiqn

Current (lp) A 4000 4000

Voltage (Vp) V lO0 lO0
Current Density (_I) A/m2 2 x lOB 3 x lOB

Permeability (_effective) - l 3

Conductor - Cu lOl/Cryo Grade Cu lOi/Cryo Grade

Insulator - KAPTON KAPTON

Winding width/radius ratio (b/r) - 0.9 l.O

Radius (r) m 0.219 O.131

Number of turns-primary (Np) - II.4 9.0

Number of turns-secondary (Ns) - II4 90

Conductor Mass (mtotal) kg II.92 4.1

Efficiency (hT)(±) - 9B.4 98.B

LH2 Mass (mLH2) kg/s 0.125 O.OBB

Pressure Drop (Ap) atm 0.563 0.774

Design Number lO

Winding power density kW/kg 0.03 O.Ol

i
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ELECTRICAL CONNECTIONS

Figure 2a Overall Assembly of Baseline Design No. l?

ECTRICAL CONNECTIONS

MANIFOLD AREA

LH 2 i
IN

LH 2
OUT

WINDINGS
N57"#3

Figure 2b Overall Assembly of High Risk Design No. lO
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where _o and _r are absolute and relattve magnetic p_.rmeabtltttes. The

number of secondary turns is calculated from the given turn ratio and Np.
The leakage Inductance, L', is given by:

where a = 2 Np (tp + Sp) + Ns (ts + Ss) = total winding radial
thickness• The factor of two is needed to account for the center tapped

primary because N is the number of turns on one side of the center tap
P

only. The recommended practice is to exclude partial turns in any

transformer; this practicehas been followed in this design asweil. Because

the primary is center tapped, the total number of turns is 23 with the ,center

tap at ll.5 turns. This minimizes the departure from the calculatedvalue of

II.4 turns.

The mutual inductance, M, was calculated using the modified Nagaoka

formula.(5) Under a restricted set of circumstances,the formula can be

expressedin the form of a seriesas shown below.

M 0 002 _r2a2N1N2 I A 2 }
' = . 1 -½ (_) B [_2+X4 2B+),6 482+),3 683 ...] (4)p

where

a = mid radius of the inner (secondary)coil
A = mid radius of the outer (primary)coil

N_,2 = Number of turns of the secondaryand primarywindings2 = a2 + (b/2)2

B = (_/p) _ Ca/6)2

_2 = l - 7/4 y
_4 = 1 - 9/2 y + 33/8 y2

_6 - 1 - 33/4 _ + 143/By2Y2 715/64X3_8 - 1 13 y + 195/4 - 1105/16_y_ + 4199/128y4

2
The coefficients _2n are the same functions of (A/p) as )'2n are

of y = (a/6)2 e.g I_2 = I - 7/4 (A/p)2
etc

t • l J l •
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The series converges slowly when the outer and the inner cotls have the

same width (b), which is the present case. However, it h:s been used

successfully before and gives satisfactory results.

The mutual inductance, M, was calculated using the above equation, and

the primary and the secondary inductances were calculated using the e::luatton:
i

L = p'_r N2 • (5)
(l + b/r)

The magnetic coupling coefficientk was calculatedas:

where Lp and Ls are the primaryand secondaryself inductances.
For the design No. 17, the coupling coefficientexceeded the theoretical

maximum of k = l and was calculated to be k = 1.003. This error was

attributedto the inaccuracyof the series expressionfor M.

The calculationswere used to evaluate the pulse rise time, pulse droop,

magnetic pressure on the coil, peak magnetic field, resistanceof each coil,

power losses, insulation stress, length of conductors and insulators. Also

calculatedis the transformertemperaturerise if left uncooled.

The designs are evaluated on the basis of acceptable pulse rise time,

droop, insulationstress and mass of the winding.

The principal difficulty with any air core design is to minimize the

leakage inductance while maximizing the self inductance. This difficulty is

overcome by minimizing the inter_,indingdistances, which requires the

conductor and the insulator to be as thin as possible and to interleafthe

primary with the secondary windings. Aluminum and copper foils/conductors

were considered and copper was selected because of its slightly better

electrical conductivityand because it is not as sensitiveto work hardening

as aluminum. Because the transformersstep up voltage by a factor of lO, the

secondary foil/conductor having the same width and current density as the

primary foil must be lO times thinner. Availabilitydictated the minimum foil

thickness to be about 0.0004'. The minimum ._vailableinsulator thickness

(Kapton) is 0.013 mm. These dimensionswere then selectedas the baseline.

-14-
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The possibility of metalizlng the Kapton and using the metalized layer

as the secondary conductor was also considered. This metalizpd insulating

fiber technique is being applied to high energy capacitors with reasonable

success. However, no experience exists with this material combination at

cryogenic temperature. T_,e primary concern for this combination was the

differential thermal expansion of the metalized la.verand the substrate which

would most likely lead to breakages in the metalized layer and its separation

from the substrate. Furthermore, the separated flakes of metal could cause

cooling flow blockage. Because of these potential problems, this

"metalization' approach was not pursued further. However, the promise of this

approach appears to warrant future investigation.

3.2 MECHANICAL AND THERMAL DESIGN

The transformer cannct be sufficiently cooled by subntersioninto a LH2

bath_ Therefore, a flow through system was devised. Figures 2, 3, and 4

illustrate the packaging and cooling approach. The structure consists of

three concentric pipes flanged on both ends, and the material is cryogenic

grade GlOo The space between the innermost pipe and the middle pipe (the

winding mandrel) serves as the LH2 manifold.

The initial approach was to wind the secondary coil first and after an

appropriate number of turns, the primary would be interwound into the

secondary. The two would then be wound together. At midpoint of the primary,

the mid-tap would be added. Both windings then would terminate at the outside

diameter of the coil. Because of cooling considerations, both the primary and

the secondary windings consist of two separate coils wound in parallel, while

the insulator sheet spans both coils. The corrugated structure of the

insulator sheet is shown in a detailed view in Figure 3 and is not shown in

Figure 4 for clarity. However, because of the difficulty of winding the thin

secondary conductor prevented the primary/secondary interleaflng, the primary

was wound on top of the completed secondary.

The LH flows from the manifold through a set of radial holes in the
2

mandrel and through perforations in the Kapton sheets into the interwinding

spaces created by the corrugated structure. In this manner, the LH2 is in

direct contact with approximately 50 percent of each turn of the conductor.

-l5-
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Figure 3 3-D Schematic of Winding
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Figure 4 Cross SectionalSchematicof LayeredWinding
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It then extts the winding on both ends of the cotls and ftlls the space

between the mandrel and the outermost pipe, Subsequently, it exits through

the discharge port and the tubular electrical connections shown in Figure 2a.

One of the most difficult engineering design problems was to seal the

ltqutd and gaseous hydrogen. Normally, the 20 K ltqutd is sealed in metalltc

containers that are either welded or flanged with the seal provided by

metalltc O-rings. In the present application, no continuous electrically

conducting loop that intercepts the transformer magnetic flux can be

permitted. Such a loop would experience induced electrtc currents with

corresponding heating, loss of the LH2 metallic O-ring s,_.al, and degradation
of transformer performance. Thus, the matertal to be used for sealing in

place of metal is polychlorotrtfluoroethylene (CTFE).

The method of corrugation of the Insulator sheets underwent several

changes. The approaches investigated tncluded drawing lines or printing the

1tries using urethane paint on one side of the Kapton. A drafting type

computer plotter was adapted for this purpose.

The tnterwtndtng LH2 velocity, flow rate, ltquid qualtty, heat

transfer coefficients, and pressure drop of the LH2 coolant were calculated
by using the spread sheet procedur-mentioned above. Some of these results

are tncluded In Table 1. Ths methods employed to perform these calculations
are discussed below.

The LH2 channels and their dimensions are schematically shown in
Figure 5 Two constraints must be placed on their geometry. The first

constraint is the spacing between the strips, Wg, and the height of the ....

strip, hs. It must be such that the minimum height of the LH2 channel,

bmin, is approximately equal to hs. The bmin is defined by a straight
ltne between the corners of neighboring strips. A pltable materlal wound on

top of these strips would span the LH2 channel in this manner. Should

hmln be allowed to become substantially smaller than hs, the flow passage
would be substantially blocked off. For this reason, hmtn/hs has been
selected to be 0.9.

The second constraint is the gap width, Wg, relative to the width of

> Ws the strips in the next turn could 'fall' into thethe strip. If Wg ,
gaps of the underlying turn and again b_ock off the flow. The strips must be

wider than the spacing between them. However, in order to maximize the

-IB-



heat transfer area of the copper conductor to LH2, the strips should be as

narrow as possible. The ratio of Wg/Ws was selected to be 0.75.
With these two constraints and the equation below (formed by applying

purely geometrical arguments), the width of the strip can be calculated.

2rl -I I (h _/h + rl/h# Iws" (1 + )c°s s .+ I)

By applying typical rI = 25 cm and strip height of 0.025 mm to
minimize the inter_inding distance, the resulting W = 1.250 mm ands

correspondingly the gap would be Wg ~ l.O mm. The length of the secondary
conductor in design No. 17 (low risk) is approximately 160 m. Thus, the

required number of strips, corrugations shown in Figure 3, is 70,000. If all

of these passages were filled with LH2, approximately 3.5 sec would be

required to boil off the LH2 at full transformer power (4000 A and lO0 V on

the primary). By increasing the volume of these passages, the objective of

this program, which is to operate the transformer for lO seconds at full

power, could be accomplished. However, the design would be very marginal.

Therefore, a continuous duty design was selected for d_.monstra',ionand the

LH2 was designed to flow through the transformer.

Two heat transfer processes occur within a cooling passage. One is

convection. The second and more important is nuclei boiling. The heat

transfer coefficient for laminar convt tion (he) is given by(6)

h = K (Re)(Pr) (B)
e (Wg + hs) b/2Dh

where K is the thermal conductivity of LH2, b is the length of the passage,

Dh is its hydraulic dlameter, Re and Pr are the Reynolds number (based on

Dh) and Prandtl number, respectively.

The velocity necessary to determine the LH2 consumption, pressure drop

and the heat transfer rate was calculated as follows. First a passage volume

and the heat flux imposed on the veloc',tywas calculated. Then, the time to

boil off this volume was determined; a third of this time was taken as the

maximum allowable residence time. The time in turn determined the LH2
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velocity. This means that near the end of the cooling passage approximately,

30 percent of the LH2 :as changed phase from liquid to gas.
The effective heat transfer coefficient for nuclei boiling is defined as

(9)
hnb = ATb

where the Q/A is the Imposed heat flux per unit area of the passage and ATb

is the difference between the wall temperature and the LH2 saturation
temperature. The temperaturedifferenceis given by(6)

I/3

hf_lip,.I.TF./_QLE_VI a ] (10)aTb = Csf Cpl Lgehfg § Pe - Pv

where Csf is a coefficient determined by the particular fluid solid surface
combination. For this design the best estimate from the available data is

Csf = 0.013. The hfg is the latent heat of vaporization, Cpl is the

heat capacity of the liquid, ge is the viscosity of the liquid, Pe and

Pv are the densities of the liquid and vapor, respectively,and _ is the

surface tensi(m of the liquid. The valu_ of hnb was calculated in this

manner to compare its predicted value to the published data, and thereby

determinethe accuracy of the calculations.

The combined laminar and nucleate boiling heat transfer and the

conductor surface temperature were calculated to insure that the conductor

does not depart from the LH2 temperature by more than lO0 K. Should the

temperature be allowed to rise above this limit, the conductor electrical

conduc*ivity starts rapidly decreasing which leads to more boiling and

eventual burn out. The simple steady state calculations,of course, cannot

handle this "runaway' regime so that the design criteria was selected to

maintain ATb < 50 K. In fact both designs were held to ATb below 0.6 K to
ensure stable situation.

Two pressure drops, Ap, were calculated for each design case. The

laminar flow pressure drop that would be expected to occur under unloaded
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transformer, conditions and a two phase flow pressure drop that would occur

with the transformer under full load. The laminar Ap is obviously

insignificant relative to the phase flow Ap and is not be discussed.

However, the ApTpF becomes especially important because the transformer is

similar to a LH2 boiler and must have adequate pressure relief margins to
prevent explosions.

The two phase flow pressure gradient is calculated as

(_L) = (_L) @e2 (II)
TPF Laminar

where _e is a function of a parameter X given by

I/2 0.125 0.B75
Pv ge l

x = I ) (12)

where x is the vapor quality and the rest of the symbols were defined before.

In order to make the calculations suitable for the spread sheet, the function

of @ vs X was digitized and fitted with an ane,lytical function

0.6

= coth X + 2.2 ( _ ) (13)

The error over the range of interest was less than 5 percent. By using these

relations, the pressure drop across the !ength of the package for both designs

was calculated to be 0.57 and 0.7B atm, respectively.
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4.0 TRANSFORMER MANUFACTURING

The transformer was wound on an in-house designed and constructed

winding machine. The schematic of this machine is shown in Figure 6.

The construction of the transformer proceeded as follows:

I. The liquid hydrogen (LH2) channels were deposited on an oversized
(width wise) KAPTON sheet about 250 m long.

2. 'The KAPTON sheet was trimmed to width and perforated to allow LH2
flow through the successive turns.

3. The secondary conductor was wound on a fiberglass double wall

mandrel together with the KAPTON sheet insulator. (The space

between the double walls serves as an LH2 manifold.)
4. When the secondary was completed, it was banded with approximately

three turns of KAPTON and bonded together with urethane.

5. The primary conductor was wound on top of the secondary by using the

same KAPTON sheet with the LH2 channels on it.
6. The whole assembly was banded together in the same manner as the

secondary winding. The electrical leadouts from the winding were

made by bending the foil conductors so as to bring the conductors

outside of the winding where the foils were clamped between copper

block terminals.

7. The completed winding was then inseFted onto the outer shell. The

top flange contained all the electrical and cryogen connections.

The salient details of this process are described below.

The LH2 flows through all turns of the windings via a large number of
microchannels as described in the previous section. The microchannels are

formed on the KAPTON sheet by depositing urethane on that sheet. The geometry

is shown in Figure 3. The urethane is deposited on the KAPTON from a

specially adapted computer driven drafting plotter. The normal drafting pen

was replaced by a pressurized syringe. A photo of the plotter installed on to

the winding machine is shown in Figure 7. The details of the syringe

connected to a urethane reservoir is shown in Figure B. Great effort was

expended to make this system work reliably and deposit consistent thickness,
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width and spacing of the urethane lines. A method was also worked out to dry

the urethane before winding the KAPTON on a take-up spool. After this was

accomplished, the system operated for six to eight hours a day for a total of

120 hours to draw approximately 120,000 lines on the 215 m long KAPTON sheet.

Following this operation, the KAPTON sheet was trimmed to the desired width of

30 cm and perforated as shown schematically in Figure g. This pattern ensures

that every LH2 channel receives its share of the coolant and that the holes

overlap thus permitting the LH2 to reach the outermost coil layers. The
trimming and the perforation were done on a special fixture with the KAPTON

rolled on a 2?.3 cm diameter steel drum that was predrilled with the hole

pattern shown in Figure 9. The drilling of the KAPTON was done by using a

lubricated core-type'drill.

Machined, cryogenic grade, laminated fiberglass (NEMA Grade GlO) tubes

and flanges were used for the transformer structure. First, the inner tube

and the winding mandrel were glued to the manifold flanges. This assembly is

shown in Figure lO. The adhesive was a cryogenic epoxy Crest No. 7450 A and B

made by Crest Products. The tubes were also pinned to the flanges using GlO

dowel pins for added structural strength. Reinforcing ribs were glued to both

sides of the inner tube and to the inside diameter of the winding mandrel as

indicated. Next, the outer tube with its reinforcing ribs was _lued to its

flanges. The winding mandrel subassembly was inserted into the outer tube,

and the end flanges were placed on the top and bottom of the two

subassemblies. These flanges were placed on the top and bottom of the two

subassemblies and were pulled together with stainless steel threaded rods.

This clamping aligned the outer flanges with the manifold flanges and ensured

parallel surfaces for the "0' ring seals on the flanges. The glue joints were

cured in this clamped assembly. After the glue joints were cured, the winding

mandrel subassembly, consisting of the windi_i_gmandrel, the inner tube, and

the two manifold flanges, was removed from the transformer and installed on

the winding stand.

The secondary conductor specified in the design requirements stage of

the program was 'to be a cryogenic grade, fully annealed copper foil, O.Ol mm

thick and lO cm wide, and approximately l?O m long. Cryogenic grade was a

special order with a one year delivery and a minimum mass of 225 kg. Because

of the delivery and mass problem, the requirement was lowered to copper ClOl,
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Ftgure g Schematic of the Perforations tn the KAPTON Insulating Sheet
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which has a higher impurity content and hence higher resistivityby up to a

factor of ten than the cryogenicgrade. Furthermore,the supplier,AMEX would

not anneal the copper roll because the quality of the processcontrolwas not

sufficient for this very thin material. Lack of annealing resultsin further

decrease in electrical conductivity up to 50 percent. All of these issues

were unknown during the detailed design stage of the program because initial

contacts with AMEX during the proposal preparation had indicated that they

could supply the material in the specified form. Additional problems arose

when the vendor supplied the secondaryconductorin an insufficientcontinuous

length; the secondaryhad to be spliced. The net result of all these factors

was that the secondaryconductor had about five times higher resistivitythan

the designed assumed. This higher resistivityhad to be compensatedfor by

increased coolant flow. Also, the increasedresistivitywas likely to be the

major cause of overheating and insulation failure during the high power

testing.

The winding was started by winding three turns of the perforatedKAPTON

insulating sheet onto the mandrel. The perforations in the KAPTON were

aligned with the LH2 radial holes in the winding mandrel. The secondary
conductor, consistingof two, lO cm wide copper foil strips was started next.

Each secondary foil, O.Ol mm thick, was folded out at a right angle to form

the electrical leadouts. A continuouslyspeed-adjustabledc motor was used to

turn the winding mandrel via a frictiondrive arrangement. The frictiondrive

and tension spools on the winding stand ensured the proper tensionin both the

insulator and the conductor. Figure II shows the winding of the secondary

copper strips.

The winding speed was a fraction of an rpm. The total number of

secondary turns is approximately115. Despite ordering a minimum of 185 m of

continuous copper foil, the manufacturer supplied the foils with breaks in

them. This caused a significantdifficulty. Because the breaks occurred two

times on each strip at different points,the tension on the winding had to be

released four times. Each time a soldered splice was made, the winding was

backed up and rewound to retain the original tension. The schematic of the

solder joint is shown in Figure 12. The conductorswere overlappedby ;!3cre,

the solder was placed in the middle, and both were clamped between steel

plates. The entire fixture was then heated. (Severaltest solder joints were
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made to develop the process.) The strength and electrical conductivity of

similar splices at cryogenic temperature was measured previously and was

recommended for use in superconducting magnets. (7) Researching the splicing

method, developing the fixture, and srldering and rewinding after each break

was terminated by a gO" foldout strip for a leadout. The perforated KAPTON

was continued for another three turns to band the secondary and to mutually

insulate the primary from the secondary.

The primary conductor is O.OB9 mm thick annealed copper coil foil. The

winding consists of two strips of the same width as the secondary (-lO cm) and

was placed directly over the secondary. The total number of the primary turns

is 22.4. The mid-tap is located at the midpoint of the primary winding. The

fractional turfs were necessary to obtain good separation of the terminals,

which are schematically shown in Figure 13. The leadouts were formed in the

same manner as on the secondary, i.e., each strip was folded out at the start,

mid-tap and endpoint of th_ primary. The winding was banded by five turns of

30 cm wide KAPTON, which was not perforated and does not have the urethane

lines, thu successive turns were glued to each other by urethane. This band

contains the hoop stresses generated in the coil during operation.

Following completion of the winding, the whole transformer wa:

assembled. For cryogenic testing, the transformer was placed in a nonmetallic

dewar so that the presence of metal does not influence the magnetic flux

distribution of this pure air core transformer. Rather than manufacturing the

dewar, an old fiberglass tube section, originally used in conjunction with the

Avco 60 cm diameter shock tube that was used to drive a magnetohydrodynamic

disk generator, was adapted for the purpose. The tube is approximately 215 cm

long and is not a close match to the transformer requirements, but it

substantially reduced the cost of the program. The tube was mounted

vertically and the transformer was suspended inside it. A vacuum pump and

associated connections as well as all electrical feeds were assembled.
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5.0 LOW POWER TESTING

Three experiments were performed during the low power testing task of

the program. First, a set of dummy coils was wound and the coil inductance

was measured to determine the accuracy of the predictive formula used in the

design of the lightweight transformer. Second, low power tests of the

transformer were completed. Testing was conducted at room and liquid nitrogen

(LN2) temperatures. The test variables at each temperature were" a) wave
shape - square and sine wave using two different power sources; b) excitation

frequency - lO0 Hz to lO khz; and c) transformer load - Resistance, RL, from

zero to infinity. Third, following low power testing, the transformer was

disassembled for inspection. One of the secondary winding foils was partially

torn at the terminal. To repair this tear, the primary coil was unwound, and

the torn secondary foil was spliced by using the same soft solder joint used

during the initial winding. After following the secondary foil repair, the

primary coil was wound again over the secondary, and the transformer was

reassembled.

5.1 EXPERIMENTS WITH DUMMY COILS

The initial measurements of the self inductance of the transformer coils

indicated about 35 percent lower inductance than predicted. A hand held LCR

digital meter operating at 1 khz was used to measure the inductances. In

order to determine the cause of this discrepancy, the predictive formula in

EQuation (14) which was used to calculate the inductance was examined.

_°_r2N2 (14)
L - r+b

where L = self inductance
= magnetic permeability

r = winding radius
N = number of turns
b = winding width
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There was some uncertainty about the accuracy of this equation because the

transformer is wound with two parallel strips with a gap between them, which

the formula does not account for. Tn order to verify this formula, several

coils were wound on the existing winding machine from leftover materials from

the transformer-KAPlON insulating sheet and secondary winding copper foil.

Three types of coils were wound on two PVC pipes with different diameters.

The results of these tests are summarized in Figures 14 and 15. In all of the
, ., ;..

cases, the predicted and the measured values were within 10 percent of each

other, which proved that the accuracy of equation [14) for the inductance

calculationwas acceptable.

All of the inductancedata presented in Figures 14 and 15 were obtained

using a hand held "Beckman' LCR meter, which operates at l kHz. In order to

examine the inductance at differentfrequencies,a power amplifierdriven by a

sine wave variable frequency generatorwas connectedto the inner coil of the

second winding as shown in Figure 15. This coil had 68 turns with its leads

folded out in the same manner as the secondary coll in the actual

transformer. The input current and voltage were used to calculate the

inductanceaccordingto the standardequation for L.

2/I - R2L = o (15)
2_rf

The results are plotted in Figure 16. At frequencies of 500 Hz and

higher, the inductance remains essentially constant. This can be contrasted

with measurements of the secondary coil in the actual transformer where thz

measured inductance decreases with increasing frequency.

5.2 LOW POWER TRANSFORMERTESTS AT ROOM TEMPERATURE

The low power testing was conducted at room and liquid nitrogen

temperatures. Two different power sources were used. The first was a power

amplifier fed by a signal generator (Figure 17) and the second was a dc power

supply whose output was switched at 1 kHz with a modified current control

circuit, as shown in Figure IB. The power amplifier setup was used to
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NO, OF

TURNS RpREDICTE D RMEASURED LpREDICTED LMEASURE D
N (_l,) (,_) (_H) (p.H)i

B

A STRIP A OR B ONLY

19 o.21, o,_3 789 88

TwocOUPLeDSTRIPS

_ bi\ !_ 19 0,107 0.122 49,98 50

"J_ \_ 2cre
DO • 21.43cm
TWO PARALLEL STRIPS

TO SIMULATE THE
TRANSFORMER

INNER COIL

68 0,799 0,780 999,8 1030

OUTErl COIL

10 0.1176 0.130 21.0 23,1

OD = 21.43 cm
TWO SEPARATE COILS

WOUND OVER EACH
OTHER TO SIMULATE

PRIMARY & SECONDARY
WINDINGS

N7911

Figure 14 Summary of Test Coil Measured and Predicted
Resistance and Inductance
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NO, OF

CONFIGURATION TURNS RpREDICTED RMEASURED LpREDICTE D LMEASURED
N (_'),) (_'_) (_H) (_.H)

,,

r

j,

15 0.095 0.097 20.1 21.8
/

OD TUBE • 12.1cm
FOIL WIDTH - 9.9cm

FOIL THICKNESS - 0.01 mm
FOIL MATERIAL - Cu 101
INSULATOR MATERIAL - KAPTON
INSULATOR WIDTH • 30cm
INSULATOR THICKNESS • 0.013 mm

10 0.1176 0.132 21.62 23.0
20 0.2235 0.241 86,492 90.9
30 0,33528 0.362 194.61 205
40 0.447 0,481 345.97 361

50 0,5588 0.595 540.58 560
60 0.6706 0,710 778.43 805
SEE NOTE

70 0.782 0,792 1059 1092

OD TUBE - 21.43 cm 80 0.8941 0.910 1384 1421

NOTE: 90 1,0058 1.041 1751 1796

AFTE R APPROXIMATE LY 100 1.1176 1.159 2162 2220

65 TURNS, THE FOIL ENDED, 110 1.2936 1.288 2614 2690
WAS SPLICED WITH ANOTHER 120 1.4112 1.408 3114 3190
FOIL AND THE WINDING CONTINUED 132 1,5523 1.556 3768 3860

TO 130 TURNS. THIS SIMULATES END OFSECOND
SPLICING IN THE TRANSFORMER FOIL

N7971S

Figure 15 Summaryof Test Coil Measuredand Predicted
Resistanceand Irld.ctance
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determine the transformer response to a variable excitation frequency under

open circuit conditions (infinite load on transformer secondary). The

amplifier setup was also used to determine the inductancesof the coils. The

switched dc supply, shown in Figure 18, was used for tests with the loaded

secondaryat l kHz excitationfrequency.

Table 2 shows the values of the inductancesand dc resistancesof the

primary and secondary coils. The measurementsw_re obtained with the power

amplifier setup and a digital milliohmeter. The self and leakage inductances

were deduced from measured values using Equation (15).

The mutual inductancewas calculatedusing the equation

KVI ' I 1 --

M Lp- Lp Ls (16)

The value was checked using

M s - Ls Lp (l?)

where the subscripts s and p stand for secondaryand primary coils and the L'

is the respective leakage inductance. The coupling coefficient k is then

given by

k = M (18)

Table 2 shows that the self inductancesofthe primary and the secondary

coils are lower than predicted. The secondary self inductance is 3B percent

lower than predicted while the primary self inductance is 2B percent lower

than predicted. The build up in the thicknessof the winding is responsible

for the difference in the leakage inductances,which are directly proportional

to the winding thickness. The design thickness of the winding at LH2

temperature was 6.9 mm, and the measured thickness at room temperaturewas

ll.g mm. The winding waz made 'loose' to accommodate contraction of the

winding at LH2 temperature. Further increase in leakage inductance can be
explained by the separation of the two strips of conductors that form the
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TABLE

MEASURED AND DESIGN VALUES OF INDUCTANCES AND WINDING

RESISTANCES AT ROOM TEMPERATURE

Primary Secondary
Measured Values at l kHz _ to PI) = (Pc to pfl _I to,SF-

DC Resistance (ohms) 0.035 1.43

Self Inductance (pH) 42.6 3740

Leakage Inductane (wH) 9.9 B50

Mutual Inductance (_H) 350.B --

Coupling Coefficient (-) O.BB --

Desiqn Values at l kHz

DC Resistance (ohms) 0.015 1.36

Self Inductance (pH 59.2 6000

Leakage Inductance (_H) 2.65 264

*Includes resistance of terminal connections

**At LH2 temperature with contracted windings
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windings. The contractionof the windingwas expectedto result in a decrease

in the winding thickness,and hence, the leakageinductance.

The lower self inductances of both the primary and the secondary are

more difficult to explain, especially because the driving coil measurements

agreed with the prediction within lO percent. In order to understandthis,

the coils were excited at various frequenciesto determine if conductor ac

resistance or large interwlndingcapacitancewas lowering the apparent self

inductances. The results of the secondary coil variable frequency

measurementsare plotted in Figure Ig. Correspondingresultsfor the primary

winding are shown in Figure 20 (centertap to end of winding).

At lO0 Hz, the measured self inductance, L, correspondsto the design

value and drops with increasing frequency, f. The dummy coils discussed in

the previous section had self inductance nearly independent of frequency

(Figure 16). Therefore, the_ transformer may have interwindingand leadout

parasitic capacitance that distorts the measurements. In order to confirm

this, the coil was modeled as shown in Figure 21. The equations for the

effective inductance, Le, and resistance, Re, were used to calculat_ the

effective impedance, Ze, which was matched to the measured 7 _ Vo/Io.
The capacitancewas varied parametricallyfrom l wF to I nF, but a good match

between the measured Z and calculatedZe was not obtained.
Thus, neither analysis nor supporting experiments with dummy coils

successfully explained the discrepanciesbetween the measured and predicted

values of the inductancesand the frequencydependence of the self inductance

of the coils. This topic is discussed in more detail in Section 6.

Nevertheless, the transformer operated quite satisfactorilyas indicated in

subsequentdiscussion.

Typical oscilloscopetraces of the primary (center tap to end) and the

output secondary voltages under no load conditions are shown in Figure 22.

The schematic of the test circuit is shown in Figure 17. The oscilloscope

photos are arranged in descending order of excitation frequency, starting at

2.5 kHz, l khz and 250 Hz.

The design value of the secondary to primary voltage ratio was ten.

This compares well to the experimental value of g.6 obtained at or below

l khz. At frequenciesof 2 khz and above, this ratio droppedto about nine.
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Figure 20 Measured Self Inductance for Various Excitation Frequencies
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DATA FROM 5/3/89

USING POWER AMP ON PF TO PC

f = 2.5 kHz., RL = m

PRIMARY VOLTAGE

Vs 9.1__ BI

Vp

SECONDARY VOLTAGE

f = 1 kHz, R L = m

PRIMARY VOLTAGE

VS 9.6
Vp

SECONDARY VOLTAGE

f - 250 Hz, R L " ®

PRIMARY VOLTAGE

VS-- =9.6
Vp

SECONDARY VOLTAGE

NTtBO

Figure 22 Typical Primaryand SecondaryVoltage Traces
at Various Frequencies
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Tests at frequencies from lO kHz to lO0 Hz were conducted with using

both sine and square waves. At lO0 Hz, both the sine wave and the square wave

became distorted. The transformer was unable to support the imposed voltage.

The distortion was lest evident when the other half of the primary winding was

used and disappeared above 150 Hz. Thus, the transformer clearly can operate

over a broad range of frequencies.

A typical example of oscilloscope traces with a loaded secondary of

RL = 50 _ and with a square wave input to the primary is shown in

Figure 23. The top photo shows the primary voltage and current while the

bottom shows the corresponding traces of the secondary. The frequency was

l kHz. The figure shows that the secondary voltage and current droop is

minimal.

After tests that used one-half of the primary fed by a power amplifier

(Figure l?), tests were performed using a dc power supply switched by the

modified current control circuits (Figure IB). This circuit is a small scale

version of the one to be used during the high power test. Because of the

existence of this circuit that allows the switching of hundreds of amperes at

l kHz, the transformer was designed with a center tapped primary. In this

configuration, the transformer was tested with a range of loads from open

circuited to short circuited secondary. The switching frequency with this

circuit is fixed at l kHz. A typical example of the waveforms obtained with

RL = 2.5 _ and RL = 0 is shown in Figures 24 and 25, respectively. The
primary voltage and current are shown on the top photos and the secondary

voltage and current are shown on the bottom. With loads above lO _, the

secondary to primary voltage ratio (Vs/Vp) was nearly equal to the design
value of lO. At loads below that resistance, the room temperature secondary

coil resistance of ~I.4 C_ becomes comparable to the load; hence, the voltage

regulation of the transformer is affected. Thus, the Vs/Vp ratio at RL

= 2.5 _ dropped to 5.g. At LH2 temperature, the 2.5 C_ is the design
load. Because the coil resistance drops at cryogenic temperature, the voltage

regulation of the transformer is unaffected.
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DATA FROM 5/8/89

USING POWER AMP ON PC TO Pi

f = 1 kHz, RL = 50_

PRIMARY VOLTAGE
IV/division

PRIMARY CURRENT
5A/division

SECONDARY VOLTAGE
10V/division

SECONDARY CURRENT
0.5A/division

N7979

Figure 23 Typical Oscilloscope Traces of Primary and Secondary Voltage
and Current Measurements with 50 _ Load
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DATA FROM 5/6/89
USING DC SUPPLY & CC CIRCUIT

f = 1 kHz, R L = 2.5_

PRIMARY VOLTAGE (Pc TO Pi)
IV/division

PRIMARY CURRENT (INTO Pi)
5A/division

SECONDARY VOLTAGE

5V/division

SECONDARY CURRENT
1A/division

N7978

Figure 24 Typical Waveforms of the Primary and Secondary Voltages
and Currents at RL = 2.5
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DATA FROM 5/6/89
USING DC SUPPLY & CC CIRCUIT

f= 1kHz, R L 0

PRIMARY VOLTAGE PC TO Pi)
IV/division

PRIMARY CURRENT (INTO Pi)
5A/division

SECONDARY VOLTAGE
1V/division

SECONDARY CURRENT

lA/division

N7977

Figure 25 Typical Waveforms of Primary and Secondary Voltages and
Currents at RL = 0 (Short Circuited Secondary)
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5.3 LOW POWER LN2 TESTINGTRANSFORMERAT LN2 TERMPERATURE
After the room temperaturetests, the transformerwas inserted into a

container that was evacuated to minimize heat leaks to the transformer. An

old, existing fiberglasstube 60 cm in diameter and approximately2.5 m long

with strong end flanges was adapted for the purpose. This tube was an

inexpensivealternative to making a new, geometricallymore convenientdewar

out of non-magneticmaterials. To minimize heat leaks,the transformerwas

suspended from the top flange of the 60 cm tube and all cryogen and power

lines were brought through tl_isflange via Swagelock bulkhead fittings that

were vacuum sealed with urethane. All O-rings exposed to LN2 were made from
,_ polyamide materials that seal at cryogenictemperatures. A mechanical vacuum

pump connected to the dewar constantly maintained the vacuum in the dewar.

The LN2 was delivered to the transformer through an insulated line from a
conventionalcryocylinder.

From a mechanical point of view the areas of greatest concern were:

l) breakage of the copper conductor because of its shrinkagewhen exposed to

the cryogen; and 2) sealing of the cryogen with non-metallicmaterials.

Because of the concern over the potential for breakage of the copper

conductor, the electrical continuity of the secondary coil was continuously

monitored during the transformer cool down process. The transformer was

cooled down to LN2 temperature (77K) three times and held at the temperature
for several hours while handling a maximum primary current of 120 A. After

completion of the test series, one leg on the secondaryconductorwas found

partially torn, which was believed to have occurred during

assembly/disassemblyof the transformer. Other than that, both the primary

and the secondary conductors remained intact, thus eliminatirRthe greatest

design concern.

During the first cool down/warmup cycle, there was a partial loss of

vacuum in the 60 cm diameter tube. This indicateda leak of cryogen from the

transformer into the evacuated tube. The transformer was removed and all

flange fasteners were retightenedwith the transformerpartially filled with

LN2. As subsequent tests showed, the cryogen gas leak diminished but was
not eliminated. The small leak could not be located becauseit only occurred

with the transformer filled with LN2. When the transformerwas removed from
the evacuated tube at this temperature,it quickly frosts up. The rapid ice

builduppreventedeffectiveleak detection.
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From an electrical point of view, the transformerperformedwell at all

loads. However, similarto the room temperature conditions,the unexplained

frequencydependenceof the inductancespersisted.

A value of greatest importancewas the ratio of the room temperatureto

liquid nitrogen temperatureconductorresistivity. As reportedpreviouslythe

supplier delivered the secondaryconductor as rolled copper not annealed,and

also, the conductorwas supplied in several sectionsthat requiredsoft solder

splicing. Furthermore, the most important difference between the initial

design and what was ultimatelydeliveredis that the conductorwas made out of

Cu lOl instead of Cu lOlO0, which is a high purity cryogenic grade. This

substitutionwas accepted because the cost difference in the small quantity

requiredwas an order of magnitude. All of these changes--unannealedcopper,

splicing, and lower purity copper--increasedthe resistivityof the conductor

at cryogenictemperature.

The measured ratio of room temperature to LN2 temperature resistance
for the secondaryand primary conductors(includingstainlesssteel terminals)

is 6.39 and 5.93, respectively. The correspondingsecondary coil conductor

resistivity is 0.25 x lO-6 _-cm, which means that the room temperature

resistance ratio, RRR, value defined in Figure 13 is slightly over 20. By

using Figure 26 for predicting the resistivityat LH2 temperature(20 K), a
resistance of 7.0 x lO-B _-cm cart be expected. The design value was

l.? x lO-B _-cm, which should have been easily achievable with the

original design conductor. This increased resistivity resulted in increased

cooling requirements, lower voltage regulation, and lower efficiency than

initially predicted. Because of the increased cooling requirements,the high

power test time was reduced from the original plan. However, these

difficultiesare clearly the result of the low quality of the copper conductor

provided by the supplier. The measured leakage inductances are given in

Table 3.

TABLE 3

Measured LeakageInductancesat Room Temperature
and LN2 Temperature

PrimaryLeakage SecondaryLeakage
Inductance(uH) Inductance(_H)

Room T 9.9 B50

LN2 T = 77 K 22.3 570
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Figure 26 Electrical Resistivity of Copper As a Function of Temperature
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As Table 3 shows, the secondary leakage inductance decreased as was

anticipated. Leakage inductance is directly proportional to the winding

radial thtckne._s. Thus,. when the coil contracts, its radial thickness

diminishes and the leakage inductance decrease. However, contrary to

anticipation, the primary leakage inductance increased. A possible

explanation and suggested remedy follows. The primary coil in this

transformer is wound over the secondary as is done in room temperatureair

core transformers. The windings have the same width but the primary foil

thickness is ten times greater than the secondary. Thus, the secondary

winding is likely to have contracted more than the primary and opened up a

radial gap between the two coils. Therefore, the leakage inductanceof the

primary increased. The obvious solution in future designs is to wind the

secondaryover the primary so that the secondarycontractsonto the primary.

The maximum primary current during this low power testi',,gat LN2
temperaturewas 120 A. This limit was imposedby the existing currentcontrol

switching circuit which consisted of 4 GTO switches in parallel,each switch

can handle about 30 A. The maximum voltage imposed on the secondary was

200 V. (One thousand volts is projectedfcr the high power testing.) Typical

waveforms with a load of 2.5 t3are shown in Figure 27. The top photo shows

the primary voltage and the secondary current, and the bottom photo shows the

correspondingsecondary voltage and the same secondary current as in the top

photo. The current probe could not handle the 120 A primary current. So,

this current is not displayed but was measured with an analog dc ammeter. The

voltage regulation improved substantially over the room temperature case at

the same load as shown in Figure 24. At room temperature,the secondaryto

primary voltage ratio (Vs/Vp) was about six As expected, at LN2
temperature this ratio increased to eight because of lower coil resistance.

The design objective at LH2 temperature is Vs/Vp = lO. As mentioned

earlier,the open circuitVs/ Vp = 9.6.
The power balance at thls load is as follows. The input into the

primary was approximately 300 watts and the output to the 2.5 (_ load was

approximately 155 watts as is easily computed from traces in Figure 27.

Because the transformer has no core, the only losses are 12R losses. In the

primary, these losses were (120)2 (.0059)= 85 watts, and in the secondary

they were (15.5)2 (.21g)= 53 watts. The sum of delivered power plus 12R

losses is 293 watts, which is reasonablyclose to the input of 300 watts. The
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DATA FROM 5/19/89, LN2, PHOTO 34 & 35
DC POWER SUPPLY

f = 1kHz, RL = 2.5_.
PRIMARY CURRENT ON P.S. "_ 120A

PRIMARY VOLTAGE (Pc TO Pi)
5V/division

SECONDARY CURRENT
5A/division

SECONDARY VOLTAGE
20V/division

SECONDARY CURRENT
5A/division

N7981

Figure 27 Typical Waveforms of Primary and Secondary Voltages and Secondary
Currents with RL = 2.5 _zand Primary Current of 120 A dc
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difference can be easily accounted for by measurement inaccuracies and

possibly by a small loss caused by dielectric losses.

In general, except for the increase in the primary leakage inductance,

the transformer performed well at LN2 temperature.

i
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6.0 HIGH POWER TESTING

The low power tests at room LN2 temperatures were completed in May

IgBg. The transformer was disassembled, i.e., the winding was removed from

its outer shell and inspected. A small tear was found in one of the secondary

coil copper foil leadouts. The damage was likely to,have been caused by the

previous assembly. To repair the damage, the primary winding was unwound, and

the secondary leadout was spliced and reconnected to the terminal. The

primary was wound back over the secondary, and the winding was reinstalled in

its outer shell. A series of resistance and inductance tests were performed

to determine if any changes occurred. None were detected; all measurements,

i.e., primary and secondary resistance, self and leakage inductances remained

the same as previously reported. The transformer was then shipped to Avco for

high power testing.

The power supply, the l khz switching equipment, and the transformer

load to be used for the high power testing at Avco are an integral part of the

Mk VI/Mk VII magnetohydrodynamic test facilities. The ? MW electrical power

supply is normally used to power the test facility magnets, the switching

circuits are used in the magnetohydrodynamic current controls, and the

water-cooled load resistor bank is used as the electrical load for the

magnetohydrodynamic generator. Because the coal-fired magnetohydrodynamic

power system tests were assigned a higher testing priority by DOE, the

transformer work proceeded only when these facilities were idle. Thus, most

of the transformer setup and testing was performed after hours and on weekends.

The schematic of the initial test circuit is shown in Figure 2B. The

block diagram of the same circuit is shown in Figure 2g. The current control

circuits force current equilization/sharing within each group that consists of

15 slaves (inner circuits in Figure 2B) and one master (outer circuit). Eight

groups are required to switch 4000 A, which was the maximum planned primary

current. Current sharing between groups was obtained by small resistors as

indicated. Special triggering/gate control circuits were built to ensure

synchronization of all GTO's in each phase. Switching was performed at

l kHz. For initial testing and shakedown of the instrumentation, only two

groups of the current control were used. This approach permitted a maximum

primary current of approximately lO00 A.
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Figure 28 Schematic of the Initial Test Circuit
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Figure 29 Block Diagramof the TransformerTest Circuit. Up to 4000 A
PrimarvCurrentSwitchedBy Current ControlCircuits
(128 Gl_'_ in Parallelfor Each Phase).
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The first test that used the magnet power supply revealed that the SCR

controlled supp;y was very poorly filtered. At low current, a few hundred

amperes, the power supply output current was discontinuous. A typical current

waveform from the power supply obtained with a 5 0 load ts shown tn

Figure 30. The frequency ts 360 Hz, which originates in the 6 pole SCR

bridge. This waveform is of course an unacceptable Input Into the transformer

so a filter had to be constructed. An LC filter was assembled from available,

unused equipment. The Inductance was 10.3 mH and the capacitance was

3200 _F. Further tests revealed that the electrical load bank had too large

an inductance (a nichrome wire wound on a cylinder submerged in circulating

water). Therefore, a rectifier bridge with a capacitive filter was built and

connected between the transformer secondary and the aforementioned load. The

final schematic of the transformer test circuit ts shown in Figure 31. The

locations of the current and voltage transducers are indicated.

The newly Installed test facility computer was used to record the output

of the transducers. Each data channel was sampled at 10 kHz to obtain at

least ten points per cycle of the transformer. Because of this fast sampling

rate which was not previously tested, many problems were enc'ountered in

obtaining reliable data. These problems Included high frequency coupling of

the transducer outputs, transducer nonlinearity, ground loops, etc. To

resolve these problems the transformer was tested both at roomtemperature and

at liquid nitrogen temperature many times. The number of tests at room

temperature at typical primary currents up to I00 A was approximately

twenty-five. Because of the problems with instrumentationand the efforts to

debug the system, some of these tests lasted up to one hour of continuous

power transfer. The number of the transformer cool down cycles to LN2

temperature (including tests carried out at Busek during low power testing)

was twelve. Each time, the transformerwas held at LN2 temperature (77 K)

for minimum of two hours. Typical test durations with power applied ranged

from 30 to 60 sec. The load was varied from l _ to 50 _.

After all instrumentationand data recording systems were debugged and

ready for testing, an attempt was made to run the transformer at LN2

temperature with up to lO00 A primary current. This currentwas estimatedto

be the limit at LN2 temperature. The internal power dissipation at lO00 A

at LN2 temperature is approximatelyequal to that which occurs at the design

point of 4000 A at LH2 temperature. During this test, the transformer

-62-

-



Figure 30 Typical Current Waveform from the Power Supply with a 5
Electrical Load
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Figure 31 High Power Lightweight Transfomer Test Schematic Final
Configuration
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winding (primary turns and primary to secondary)intermittentlyshorted. The

primary current is shown in Figures 32 and 33. The former shows the current

over a 20 sec. period after start and the latter shows the lO msec period lO

sec. into the test. Although the peak currents revealed in both figuresare

not believable (caused by transducer overshoot), intermittent shorts with

currents reaching several thousand amperes existed. The power supply is

capable of delivering 12,000 A. The corresponding rectified output

(secondary) currents are shown in Figures 34 and 35. The primary and

secondaryvoltages are shown in Figures36 and 37, respectively.

The initial damage is believed to have been caused by operating the

transformerwithout coolant at the lO0 A level for prolongedperiodsof time

to debug the data acquisitionsystem and test facility. During this period,

the transformer insulation apparently overheated which caused several shorts

under the highly stressed condition. The failure was reported to DOE and

testing was terminated because of lack of funds. The transformerwas removed

from its dewar and outer shell and inspected. No visually observabledamage

was detected. Post failurephotographsof the windingare shown in Figure38.
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Figure 35 Rectified Output (Secondary) Current Over a lO msec Period
lO sec into the Test



180 ........................................._....................................."_ i.........................

i iiii .,,........i..
_ 1411 ..................... , ........................................................ ...... ..
gl • I1

..
120 ......:..........:............._,............................._......i........_....................

O_ 100 i_ _c _" _ ...... "_ .............

mm _ , !
< _o "r..........i .. r....i............ ;..............

" ! . i !

- , : : , , : :i:)ii:i:iiiii)i!iiii
m_ 60 .... i,.:....... ;....... _......... :....... " ........ _ " ......i i ! ! _ i.... . ,

• : : : :
• . : : :

40 ....-......i,......."..........:........:............ i......
i i i : i i
• : ; : .
: : : : : •
i _ : : :

....T....... i..........i .........."........._........... i '
: : : • ;
• . . , .
! _ ! i !

0 _ " '' : : : : _:

0 1 2 3 4 5 6 7 8 9 10

,,_,4 TIME (msec)

Figure 36 Primary Voltage Over a 10 msec Pertod 10 sec tnto the Yest

--IU--



Figure 37 Secondary Voltage Over a 10 msec Perlod 10 sec Into the Test
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Figure 3B Post Test Condition of the Transformer Windings
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7.0 DISCUSSION OF THE RESULTS

During low power testing the transformer functionedas designed. The

design primary to secondary voltage ratio was ten. The achieved ratio,

depending on the load, was approximatelyg.6. However, both the pFimary and

secondaryself and mutual inductancesfell approximately30 percent below the

design value. This shortfall was investigatedby using several separately

wound coils with a different number of turns and different diameter coils.

The predictedand measured inductancesagreedwithin ten percent.

The effect of frequency on the measured inductances as well as the

winding temperature (room temperature to LN2 temperature)was investigated
to determine if multidistributionof currentwithin the foil type conductor

was the cause. Thiswas suspected to cause the observed drop off of the

inductances with increasing frequency (up to lO kHz) and decreasing

temperature. A literature search revealed that the concept of "effective

frequencyN advanced by Graneau(B) may be applicable. The effective or

generalized frequency (X) determines the current distribution in the

conductorand is given by

),- x2 (oxl_)w, (Ig)

where x is a scaling coil size dependent factor, ox is the material
conductivityat other than room temperature,a is the material conductivity

at room temperatureand w is angular frequencyof the appliedvoltage.

Thus, as the metal conductivityincreases with decreasing temperature,

the normalized frequency increasesand, the current distributionbecomes more

nonuniform which causes the self inductance to decrease. A qualitative

schematic of the situation is shown in Figure 39. To mitigate this effect,

the secondary to primary windings must be interleafed. This forces uniform

currentdistribution in both the primary and the secondaryconductor,and the

number of turns must be minimized to minimize the leakage inductances. The

only way to minimize the number of primary turns for a given desired self

inductance is to use magnetic core materials. Thus, as previously suggested,
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