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A VErY LoNG THIN SoLenoid CArrIES A TiMe DEreNDENT CURRENT IsoL(T). A ConpucTING RING OF A LARGER RADIUS

UNDERST ANDING ELECTROMAGNETIC PHENOMENA INVOLVING CURRENT-CARRYING CONDUCTORS IS FUNDAMENTAL TO MANY
APPLICATIONS IN PHYSICS AND ENGINEERING. \W/HEN A VERY LONG, THIN SOLENOID CARRIES A TIME-DEPENDENT CURRENT \(
|_{soLenoi}(T) \), IT CREATES A DYNAMIC MAGNETIC FIELD THAT CAN INDUCE CURRENTS IN NEARBY CONDUCTIVE OBJECTS,
SUCH AS A CONDUCTING RING WITH A LARGER RADIUS. THIS ARTICLE EXPLORES THE PHYSICS BEHIND SUCH A SYSTEM, THE
PRINCIPLES OF ELECTROMAGNETIC INDUCTION INVOLVED, AND THE IMPLICATIONS OF THE INTERACTIONS BETWEEN THE SOLENOID
AND THE CONDUCTING RING.

INTRODUCTION TO ELECTROMAGNETIC INDUCTION

ELECTROMAGNETIC INDUCTION IS THE PROCESS BY WHICH A CHANGING MAGNETIC FLUX THROUGH A CONDUCTOR INDUCES AN
ELECTROMOTIVE FORCE (EMF) AND CONSEQUENTLY A CURRENT WITHIN THE CONDUCTOR. THIS PHENOMENON WAS FIRST
DESCRIBED BY MICHAEL FARADAY IN 183 1 AND IS FOUNDATIONAL TO ELECTRIC GENERATORS, TRANSFORMERS, AND MANY
SENSING DEVICES.

THE FUNDAMENTAL LAW GOVERNING ELECTROMAGNETIC INDUCTION IS FARADAY'S LA\X/, WHICH STATES:

\[
\MATHCAL{E} = -\rrac{D\PHI_B}{pT}
\]

\WHERE:

- \(AMATHCAL{E}\) Is THE INDUCED EMF,
- \(\PHI_B\) IS THE MAGNETIC FLUX THROUGH THE CONDUCTOR.

IN THE CONTEXT OF A SOLENOID AND A CONDUCTING RING, THE CHANGING MAGNETIC FLUX PRODUCED BY THE SOLENOID INDUCES
A CURRENT IN THE RING, WHICH CAN PRODUCE VARIOUS EFFECTS DEPENDING ON SYSTEM PARAMETERS.

MAGNETIC FIELD OF A VERY LONG THIN SOLENOID

MAGNETIC FIELD INSIDE THE SOLENOID

A VERY LONG THIN SOLENOID, CHARACTERIZED BY ITS LENGTH \(L\) AND NUMBER OF TURNS \(N\), PRODUCES A NEARLY
UNIFORM MAGNETIC FIELD INSIDE ITS CORE, GIVEN BY:

\[
B(t) =\Mu_OnNI_{soLenoin}(T)

\]

\WHERE:

- \(\mu_0\) 1s THe PerMEABILITY OF FREE SPACE (\(4\Pi \TiMeS 107{-73 \ \MATHRM{H/M}\)),
- \(n = \rRAC{N}{L}\) IS THE NUMBER OF TURNS PER UNIT LENGTH,
- \(I_{soLenoip}(T)\) IS THE TIME-DEPENDENT CURRENT IN THE SOLENOID.



SINCE THE CURRENT VARIES WITH TIME, THE MAGNETIC FIELD INSIDE THE SOLENOID IS ALSO TIME-DEPENDENT, LEADING TO A
CHANGING MAGNETIC FLUX THROUGH NEARBY CONDUCTORS.

MAGNETIC FieELD OUTSIDE THE SOLENOID

|DEALLY, THE MAGNETIC FIELD OUTSIDE A LONG SOLENOID IS NEGLIGIBLE, HOWEVER, IN REAL SYSTEMS, THERE MAY BE FRINGING
FIELDS, ESPECIALLY NEAR THE ENDS OF THE SOLENOID. FOR A SUFFICIENTLY LONG SOLENOID, THESE EFFECTS ARE MINIMIZED, AND
THE MAGNETIC FIELD OUTSIDE IS CONSIDERED APPROXIMATELY ZERO.

INTERACTION WITH A CONDUCTING RING OF LARGER RADIUS

GEOMETRY AND POSITIONING

CONSIDER A CONDUCTING RING OF RADIUS \( R_{RING} \) PLACED COAXIALLY AROUND THE SOLENOID AT A DISTANCE WHERE
THE MAGNETIC FIELD IS EFFECTIVELY UNIFORM. THE RING'S RADIUS IS LARGER THAN THE RADIUS OF THE SOLENOID, WHICH ENSURES
THAT THE MAGNETIC FLUX THREADING THE RING IS PRIMARILY DUE TO THE MAGNETIC FIELD WITHIN THE SOLENOID.

MAGNETIC FLUx THROUGH THE RING

THe MAGNETIC FLUX \(\PHI_B(T)\) THROUGH THE CONDUCTING RING IS GIVEN BY:

\[
\Pri_B(7) =B(7) \cpoT A_{rING}
\]

WHERE:
- \(A_{rinG} = \PIR_{RING}"2\) IS THE AREA ENCLOSED BY THE RING,
- \(B(T)\) Is THE MAGNETIC FIELD AT THE LOCATION OF THE RING, WHICH, FOR AN IDEAL SOLENOID, IS UNIFORM INSIDE THE

SOLENOID AND NEGLIGIBLE OUTSIDE UNLESS THE RING OVERLAPS WITH THE SOLENOID'S INTERIOR.

IN THE TYPICAL SETUP, THE RING IS OUTSIDE THE SOLENOID, SO THE FLUX CHANGE IS PREDOMINANTLY DUE TO THE MAGNETIC
FIELD GENERATED WITHIN THE SOLENOID AND ITS TIME VARIATION.

INDUCED CURRENT IN THE CONDUCTING RING

FARADAY'S LAW APPLIED

THE EMF INDUCED IN THE RING IS:

\[
\MATHCAL{E}(T) = - \rrAc{D\PHI_B(T) 0T} = -A_{riNG} \FRAC{DB(T)}{DT}
\]

SUBSTITUTING THE EXPRESSION For \(B(T)\):



\[
\MATHCAL{E}(T) =-A_{riNnG} \MU_O ~ \rrac{pl_{soLenoip}(T)}{pT}

\]

THIS EMF DRIVES AN INDUCED CURRENT \( |_{IND}(T) \) IN THE RING, WHICH DEPENDS ON THE RING'S RESISTANCE \( R_{rING} \):

\[
|_{no3(7) = \rrac{\MATHCAL{EJ(T)HR_{riNG}} = - \rRAC{A_{riING} \MU_O N}HR_{riNG}}
\rrac{pl_{soLenoip}(T)HbT}

\]

THE NEGATIVE SIGN INDICATES THAT THE INDUCED CURRENT OPPOSES THE CHANGE IN FLUX, CONSISTENT WITH Lenz's Law.

CHARACTERISTICS OF THE INDUCED CURRENT

- DIRECTION: THE INDUCED CURRENT'S DIRECTION IS SUCH THAT IT OPPOSES THE CHANGE IN THE MAGNETIC FLUX. IF
\(I_{soLenoip}(T)\) INCREASES, THE INDUCED CURRENT IN THE RING PRODUCES A MAGNETIC FIELD OPPOSING THE INCREASE.
- MAGNITUDE: THE MAGNITUDE DEPENDS ON THE RATE OF CHANGE OF THE SOLENOID CURRENT, THE GEOMETRY (AREA OF THE
RING), AND THE RESISTANCE OF THE RING.

- PHAsE: IF \(I_{soLenoiD}(T)\) VARIES SINUSOIDALLY, THE INDUCED CURRENT IN THE RING WILL ALSO BE SINUSOIDAL BUT
PHASE-SHIFTED DUE TO THE OPPOSITION EFFECT.

ENERGY TRANSFER AND POWER CONSIDERATIONS

THE PROCESS INVOLVES ENERGY TRANSFER FROM THE POWER SOURCE DRIVING THE SOLENOID CURRENT TO THE INDUCED
CURRENTS IN THE RING. THE POWER DISSIPATED IN THE RING'S RESISTANCE IS:

\[
P_{rinG} =1_{in0}"2 R_{rING}
\]

THIS ENERGY MANIFESTS AS HEAT WITHIN THE RING. ADDITIONALLY, THE ENERGY ASSOCIATED WITH THE MAGNETIC FIELD'S
CHANGE IS STORED TEMPORARILY IN THE MAGNETIC FIELD AND IS RELEASED OR ABSORBED DEPENDING ON THE CURRENT'S
VARIATION.

EFFiICIENCY AND LOSSES

- RESISTANCE IN THE RING CAUSES ENERGY DISSIPATION.
- THE SYSTEM'S EFFICIENCY DEPENDS ON MINIMIZING RESISTIVE LOSSES.
- IN PRACTICAL APPLICATIONS, SUPERCONDUCTING RINGS CAN ELIMINATE RESISTIVE LOSSES, ENABLING PERSISTENT CURRENTS.

APPLICATIONS AND PRACTICAL IMPLICATIONS

UNDERSTANDING THE INTERACTION BETWEEN A TIME-VARYING SOLENOID AND A CONDUCTING RING HAS SEVERAL IMPORTANT
APPLICATIONS!

¢ INDUCTIVE COUPLING IN TRANSFORMERS: SIMILAR PRINCIPLES ARE USED TO TRANSFER ENERGY BETWEEN CIRCUITS VIA
MAGNETIC COUPLING.



* MAGNETIC INDUCTION HEATING: INDUCED CURRENTS IN CONDUCTIVE MATERIALS GENERATE HEAT, USED IN INDUSTRIAL
PROCESSES.

o WIRELESS POWER TRANSFER: SYSTEMS USE TIME-VARYING MAGNETIC FIELDS TO TRANSMIT POWER WITHOUT PHYSICAL
CONNECTORS.

® MAGNETIC SENSORS: INDUCED CURRENTS SERVE AS THE BASIS FOR SENSORS DETECTING MAGNETIC FIELD VARIATIONS.

¢ ELECTROMAGNETIC SHIELDING AND SHIELD DESIGN: UNDERSTANDING FLUX INTERACTIONS INFORMS SHIELDING STRATEGIES
TO PREVENT UNWANTED INTERFERENCE.

MATHEMATICAL MODELING AND NUMERICAL SIMULATIONS

FOR COMPLEX SYSTEMS WHERE ANALYTICAL SOLUTIONS ARE CHALLENGING, NUMERICAL METHODS SUCH AS FINITE ELEMENT
ANALYSIS (FEA) ARE EMPLOYED. THESE MODELS CAN SIMULATE:

- THE SPATIAL DISTRIBUTION OF MAGNETIC FIELDS,

- INDUCED CURRENT DENSITIES,

- POWER LOSSES,

- TRANSIENT RESPONSES UNDER DIFFERENT CURRENT PROFILES.

SUCH SIMULATIONS AID IN DESIGNING DEVICES WITH OPTIMIZED ELECTROMAGNETIC PERFORMANCE.

CONCLUSION

THE DYNAMICS OF A VERY LONG THIN SOLENOID CARRYING A TIME-DEPENDENT CURRENT AND ITS INFLUENCE ON A LARGER-RADIUS
CONDUCTING RING EXEMPLIFY FUNDAMENTAL PRINCIPLES OF ELECTROMAGNETIC INDUCTION. THE CHANGING MAGNETIC FLUX INSIDE
THE SOLENOID INDUCES CURRENTS IN NEARBY CONDUCTORS, LEADING TO ENERGY TRANSFER, HEAT DISSIPATION, AND MAGNETIC
INTERACTIONS. THESE PHENOMENA UNDERPIN NUMEROUS TECHNOLOGICAL APPLICATIONS, FROM TRANSFORMERS AND WIRELESS
POWER SYSTEMS TO SENSORS AND INDUSTRIAL HEATING.

UNDERSTANDING THESE INTERACTIONS REQUIRES A GRASP OF MAXWELL'S EQUATIONS, FARADAY'S LA\X/, AND THE PHYSICAL
PARAMETERS INFLUENCING ELECTROMAGNETIC INDUCTION. BY CONTROLLING PARAMETERS SUCH AS THE RATE OF CURRENT
CHANGE, GEOMETRY, AND MATERIAL PROPERTIES, ENGINEERS CAN OPTIMIZE SYSTEMS FOR EFFICIENCY, SAFETY, AND
FUNCTIONALITY.

IN SUMMARY, THE INTERPLAY BETWEEN A DYNAMIC MAGNETIC FIELD GENERATED BY A SOLENOID AND A SURROUNDING CONDUCTING
RING HIGHLIGHTS THE ELEGANCE AND UTILITY OF ELECTROMAGNETIC PRINCIPLES IN MODERN SCIENCE AND ENGINEERING.
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FREQUENTLY AskeD QUESTIONS

How DOES THE TIME-DEPENDENT CURRENT IN A LONG THIN SOLENOID AFFECT THE
MAGNETIC FLUX THROUGH A NEARBY CONDUCTING RING?

THE CHANGING CURRENT IN THE SOLENOID INDUCES A VARYING MAGNETIC FLUX THROUGH THE CONDUCTING RING, LEADING TO AN
INDUCED EMF AND CURRENT IN THE RING ACCORDING TO FARADAY'S LAW.

WHAT IS THE NATURE OF THE INDUCED CURRENT IN THE LARGER-RADIUS CONDUCTING
RING WHEN THE SOLENOID'S CURRENT VARIES WITH TIME?

THE INDUCED CURRENT IN THE RING IS DIRECTLY RELATED TO THE RATE OF CHANGE OF MAGNETIC FLUX, WHICH DEPENDS ON THE
SOLENOID’S CURRENT VARIATION, AND WILL GENERATE ITS OWN MAGNETIC FIELD OPPOSING THE CHANGE.

How DOES THE SIZE OF THE CONDUCTING RING INFLUENCE THE MAGNITUDE OF THE
INDUCED EMF CAUSED BY THE SOLENOID'S TIME-DEPENDENT CURRENT?

A LARGER RADIUS INCREASES THE AREA ENCLOSED BY THE RING, WHICH RESULTS IN A GREATER MAGNETIC FLUX CHANGE AND
THUS A HIGHER INDUCED EMF, ASSUMING THE MAGNETIC FIELD IS SIGNIFICANT AT THE RING'S LOCATION.

\WHAT ROLE DOES THE SOLENOID’S LENGTH AND TURN DENSITY PLAY IN THE
ELECTROMAGNETIC INDUCTION EXPERIENCED BY THE CONDUCTING RING?

A LONGER SOLENOID WITH HIGHER TURN DENSITY PRODUCES A MORE CONCENTRATED MAGNETIC FIELD AND A LARGER FLUX
CHANGE FOR A GIVEN CURRENT VARIATION, ENHANCING THE INDUCED EMF IN THE RING.

CAN THE INDUCED CURRENTS IN THE CONDUCTING RING LEAD TO ELECTROMAGNETIC
FORCES THAT OPPOSE THE SOLENOID’S CHANGING CURRENT?

YES, ACCORDING TO LENZ'S LAW, THE INDUCED CURRENTS GENERATE MAGNETIC FIELDS THAT OPPOSE THE CHANGE IN FLUX,
WHICH CAN PRODUCE FORCES AFFECTING THE SOLENOID AND THE RING'S MOTION IF THEY ARE FREE TO MOVE.

How DOES THE TIME DEPENDENCE OF THE SOLENOID'S CURRENT INFLUENCE THE
TRANSIENT AND STEADY-STATE BEHAVIOR OF THE INDUCED CURRENT IN THE CONDUCTING
RING?

|NITIALLY, THE RAPID CHANGE IN CURRENT INDUCES A LARGE EMF AND CURRENT IN THE RING (TRANSIENT PHASE), BUT AS THE
CURRENT STABILIZES, THE INDUCED EMF DIMINISHES, REACHING A STEADY STATE WHERE NO FURTHER INDUCTION OCCURS.

WHAT PRACTICAL APPLICATIONS UTILIZE THE PRINCIPLES OF A LONG SOLENOID WITH
TIME-DEPENDENT CURRENT AND A CONDUCTING RING?

APPLICATIONS INCLUDE ELECTROMAGNETIC INDUCTION DEVICES LIKE WIRELESS POWER TRANSFER SYSTEMS, INDUCTIVE SENSORS,
TRANSFORMERS, AND DEVICES THAT RELY ON INDUCED CURRENTS FOR ENERGY TRANSFER OR MEASUREMENT PURPOSES.

ADDITIONAL RESOURCES

A VEerY LoNG THIN SoLeNoid Carries A TiMe DerenpeNT CURRENT IsoL(T). A CoNbUCTING RING OF A LARGER RADIUS IS
AN INTRIGUING SUBJECT THAT COMBINES FUNDAMENTAL ELECTROMAGNETIC PRINCIPLES WITH DYNAMIC BEHAVIOR OF CURRENTS



AND MAGNETIC FIELDS. THIS SCENARIO EXEMPLIFIES THE INTERPLAY BETWEEN TIME-VARYING MAGNETIC FLUX AND INDUCED
CURRENTS, OFFERING RICH INSIGHTS INTO ELECTROMAGNETIC INDUCTION, FIELD DISTRIBUTION, AND PRACTICAL APPLICATIONS.
THE DETAILED ANALYSIS OF SUCH A SYSTEM IS NOT ONLY ACADEMICALLY STIMULATING BUT ALSO CRUCIAL IN UNDERSTANDING
REAL-\WORLD DEVICES LIKE TRANSFORMERS, INDUCTORS, AND WIRELESS POWER TRANSFER MECHANISMS.

INTRODUCTION TO THE SYSTEM

THE PHRASE “A VERY LONG THIN SOLENOID CARRIES A TIME-DEPENDENT CURRENT |SOL(T)” DESCRIBES A CLASSIC
ELECTROMAGNETIC SETUP, OFTEN USED AS A THEORETICAL MODEL TO STUDY MAGNETIC FIELDS AND INDUCED EFFECTS. W/HEN A
SOLENOID CARRIES A CURRENT THAT VARIES WITH TIME, IT PRODUCES A CHANGING MAGNETIC FIELD INSIDE AND AROUND IT. THE
INCLUSION OF A CONDUCTING RING OF LARGER RADIUS INTRODUCES A SECONDARY COMPONENT TO THE PROBLEM: THE
POSSIBILITY OF ELECTROMAGNETIC INDUCTION AND RESULTANT CURRENTS IN THE RING.

THIS SYSTEM SERVES AS A FOUNDATIONAL MODEL FOR UNDERSTANDING ELECTROMAGNETIC PHENOMENA SUCH AS MUTUAL
INDUCTANCE, EDDY CURRENTS, AND ELECTROMAGNETIC RADIATION. ITS SIMPLICITY ALLOWS THE DERIVATION OF FUNDAMENTAL
PRINCIPLES, YET IT ALSO ENCAPSULATES COMPLEX BEHAVIORS THAT ARE RELEVANT ACROSS VARIOUS TECHNOLOGICAL
DOMAINS.

FUNDAMENTALS OF THE LONG THIN SOLENOID

MAGNETIC FIELD oF A LONG THIN SOLENOID

A LONG THIN (OR IDEAL) SOLENOID IS CHARACTERIZED BY ITS LENGTH BEING MUCH GREATER THAN ITS RADIUS, RESULTING IN A
RELATIVELY UNIFORM MAGNETIC FIELD INSIDE AND NEGLIGIBLE FIELD OUTSIDE. THE MAGNETIC FIELD INSIDE THE SOLENOID IS GIVEN
BY:

\[B(T)=\mu_OnNI_{soL}()\]

WHERE:
-\(\Mu_0\) Is THE PERMEABILITY OF FREE SPACE,
- \(~N'\) IS THE NUMBER OF TURNS PER UNIT LENGTH,
-\(I_{soL}(T) \) IS THE TIME-DEPENDENT CURRENT IN THE SOLENOID.

Since THE CURRENT VARIES WITH TIME (\(1_{soL}(T) \)), THe MAGNETIC FIELD \( B(T) \) ALSO VARIES WITH TIME, LEADING
TO DYNAMIC EFFECTS IN NEARBY CONDUCTIVE OBJECTS.

IMPLICATIONS OF TIME-DEPENDENT CURRENT

THE KEY ASPECT HERE IS THE TIME DEPENDENCE, WHICH INTRODUCES A CHANGING MAGNETIC FLUX. ACCORDING TO FARADAY'S
LAW, A CHANGING MAGNETIC FLUX INDUCES AN ELECTROMOTIVE FORCE (EMF) IN NEARBY CONDUCTORS, INCLUDING THE
CONDUCTING RING.



THe CoNDUCTING RING OF LARGER RADIUS

PosITION AND GEOMETRY

THE CONDUCTING RING, POSITIONED AT SOME LARGER RADIUS \( R \)/ ACTS AS A SECONDARY CONDUCTOR IMMERSED IN THE
MAGNETIC FIELD PRODUCED BY THE SOLENOID. TS LARGER RADIUS ENSURES THAT IT IS OUTSIDE THE SOLENOID’S CORE,
EXPERIENCING A DIFFERENT FLUX LINKAGE AND INDUCED EFFECTS.

THE RING'S RADIUS AND CONDUCTIVE PROPERTIES INFLUENCE HOW MUCH EMF AND CURRENT ARE INDUCED. FOR SIMPLICITY,
ASSUME THE RING IS THIN, PERFECTLY CONDUCTIVE, AND CIRCULAR.

INbuCTION OoF CURRENTS IN THE RING

AS THE SOLENOID’S CURRENT VARIES WITH TIME, THE MAGNETIC FLUX THREADING THE RING CHANGES, INDUCING AN EMF
ACCORDING TO FARADAY'S LAW:

\[ \MATHCAL{E}(T) = - \rrac{D \PHI(T) DT} \]

wWHERE \( \PHI(T) \) IS THE MAGNETIC FLUX THROUGH THE RING:

\[\Pi(T) = B(7) \Tives \p1 R*2\]

THE INDUCED EMF DRIVES A CURRENT \( |_{INDJ(T) \) IN THE RING, WHICH CAN BE EXPRESSED AS:

\[ 1_{ino}(T) = \rrac{\MATHCAL{E}(T)HR {riNG}} \]

wiTH \( R_{RING} \) BEING THE RESISTANCE OF THE CONDUCTING RING.

ELECTROMAGNETIC INDUCTION AND MUTUAL EFFECTS

FARADAY’s LAW IN ACTION

THE CORE PRINCIPLE GOVERNING THIS SYSTEM IS FARADAY’S LAW, WHICH STATES THAT THE EMF INDUCED IN A CONDUCTOR IS
PROPORTIONAL TO THE NEGATIVE RATE OF CHANGE OF MAGNETIC FLUX:

\[ \MaTHCAL{E} = - \rrac{D \Pri}{DT} \]
Since THE MAGNETIC FIELD \( B(T) \) pepenps on \(|_{soL}(T) \), WE HAVE:
\[ \MATHCAL{E}(T) = - \PIR"2 \Mu_O N \rrac{p |_{soL}(T)}{pbT}\]

THIS INDICATES THAT THE INDUCED EMF IN THE RING IS DIRECTLY RELATED TO HOW RAPIDLY THE SOLENOID CURRENT CHANGES.

FEATURES AND EFFECTS OF THE INDUCED CURRENTS



- LeNz’s LAW: THE INDUCED CURRENT IN THE RING OPPOSES THE CHANGE IN MAGNETIC FLUX, ACTING TO OPPOSE THE VARIATION
IN\CI_{soL}(T) \).

- EbbY CURRENTS: IF THE RING IS NOT ISOLATED BUT PART OF A CONDUCTIVE MATERIAL, CIRCULATING CURRENTS (EDDY
CURRENTS) CAN BE GENERATED, LEADING TO ENERGY DISSIPATION AS HEAT.

- MAGNETIC DAMPING: THE INDUCED CURRENTS CAN EXERT A FORCE OPPOSING THE MOTION OR CHANGE IN THE SOLENOID’S
CURRENT, EFFECTIVELY DAMPING THE SYSTEM.

MATHEMATICAL MODELING OF THE SYSTEM

TiME-DEPENDENT CURRENT IN THE SOLENOID

SUPPOSE THE SOLENOID CURRENT VARIES SINUSOIDALLY:

\[1_{soL}(1) =1_0 \sin(\omeca T) \]

THEN THE MAGNETIC FLUX BECOMES:

\[ \PriI(T) =\mMu_On~\PIR {soL}*21 0 \sin(\omeca T) \]

wHere \(R_{soL} \) IS THE RADIUS OF THE SOLENOID.

THE INDUCED EMF IN THE RING:

\[ \MATHCAL{E}(T) = - \rrac{D \PHI(T)HDT} =-\Mu_O N \PIR"2 \TiMes |_O \omeca \cos(\omeca 1) \]
THE INDUCED CURRENT:

\[ 1_{ino}(7) = \rrac{\MATHCAL{E}(T)HR {riNG}} = - \rrac{\MU_O N \PIR"2 | O \oMecaXR_{riNG}} \cos(\omeGa

™\

THIS EXPRESSION INDICATES THAT THE INDUCED CURRENT OSCILLATES, WITH PHASE OPPOSITE TO THE RATE OF CHANGE OF
FLUX, CONSISTENT WITH LENZ’S LAW.

IMPLICATIONS OF FREQUENCY AND AMPLITUDE

- FreQuency (\( \oMeGa \)): HIGHER FREQUENCIES LEAD TO LARGER INDUCED EMF AND CURRENTS, INCREASING THE
ELECTROMAGNETIC EFFECTS.

- AMPLITUDE (\( |_0 \)): LARGER CURRENT AMPLITUDES IN THE SOLENOID AMPLIFY THE FLUX VARIATION, THUS STRENGTHENING
INDUCTION.

PHYSICAL PHENOMENA AND PRACTICAL IMPLICATIONS

MAGNETIC FIELDS AND FORCE INTERACTIONS



THE INDUCED CURRENTS GENERATE THEIR OWN MAGNETIC FIELDS, WHICH INTERACT WITH THE ORIGINAL SOLENOID FIELD. THis
INTERACTION CAN PRODUCE FORCES ON THE RING AND THE SOLENOID, LEADING TO POSSIBLE MECHANICAL EFFECTS SUCH AS
REPULSION OR ATTRACTION.

ENERGY TRANSFER AND DAMPING

ENERGY FROM THE SOLENOID’S CHANGING CURRENT IS TRANSFERRED INTO THE RING THROUGH INDUCED CURRENTS. |F THE RING HAS
RESISTANCE, THIS ENERGY IS DISSIPATED AS HEAT, FUNCTIONING AS A FORM OF ELECTROMAGNETIC DAMPING.

APPLICATIONS

- WIRELESS POWER TRANSFER: USING TIME-VARYING MAGNETIC FIELDS TO INDUCE CURRENTS IN SECONDARY CIRCUITS.
- TRANSFORMERS AND INDUCTORS: UNDERSTANDING MUTUAL INDUCTANCE EFFECTS.

- ELECTROMAGNETIC BRAKING: INDUCING CURRENTS IN CONDUCTING RINGS OR DISCS TO PRODUCE BRAKING FORCES.

- MAGNETIC SENSORS: DETECTING CHANGES IN MAGNETIC FLUX VARIATIONS.

Pros AND Cons [ FEATURES

Pros:

- SIMPLIFIES UNDERSTANDING OF ELECTROMAGNETIC INDUCTION PHENOMENA.

- DEMONSTRATES FUNDAMENTAL PRINCIPLES LIKE FARADAY’S LAW AND LENZ’S LAW.

- USEFUL IN DESIGNING ELECTROMAGNETIC DEVICES SUCH AS TRANSFORMERS OR INDUCTIVE SENSORS.
- HIGHLIGHTS THE IMPORTANCE OF FREQUENCY AND AMPLITUDE IN ELECTROMAGNETIC INDUCTION.

Cons:

- IDEALIZED ASSUMPTIONS (INFINITE LENGTH, PERFECT CONDUCTIVITY) MAY NOT HOLD IN PRACTICAL SCENARIOS.
- RESISTANCE AND PARASITIC EFFECTS COMPLICATE REAL-WORLD APPLICATIONS.

- MECHANICAL EFFECTS (FORCES, VIBRATIONS) ARE OFTEN NEGLECTED BUT CAN BE SIGNIFICANT.

- HIGH-FREQUENCY EFFECTS MAY INTRODUCE COMPLEXITIES LIKE SKIN EFFECT AND PARASITIC CAPACITANCES.

CoNCLUSION

THE SYSTEM INVOLVING A VERY LONG THIN SOLENOID CARRYING A TIME-DEPENDENT CURRENT AND A CONDUCTING RING OF
LARGER RADIUS ENCAPSULATES CORE ELECTROMAGNETIC PRINCIPLES WITH BROAD PRACTICAL RELEVANCE. |T BEAUTIFULLY
ILLUSTRATES HOW DYNAMIC MAGNETIC FIELDS INDUCE CURRENTS IN NEARBY CONDUCTORS, WITH EFFECTS DICTATED BY THE RATE
OF CHANGE OF FLUX, CONDUCTOR PROPERTIES, AND GEOMETRICAL FACTORS. (UNDERSTANDING THESE PHENOMENA IS
FUNDAMENTAL IN DESIGNING ELECTRICAL AND ELECTRONIC DEVICES THAT RELY ON ELECTROMAGNETIC INDUCTION. \W/HILE
IDEALIZED MODELS PROVIDE CLARITY, REAL-WORLD APPLICATIONS MUST CONSIDER RESISTIVE, MECHANICAL, AND FREQUENCY -
DEPENDENT EFFECTS FOR OPTIMAL PERFORMANCE. THIS EXPLORATION NOT ONLY DEEPENS THEORETICAL UNDERSTANDING BUT
ALSO OPENS PATHWAYS FOR INNOVATIVE TECHNOLOGICAL SOLUTIONS IN WIRELESS POWER, ELECTROMAGNETIC SHIELDING, AND
SENSING TECHNOLOGIES.



IN ESSENCE, ANALYZING A LONG THIN SOLENOID WITH A TIME-VARYING CURRENT AND ITS INTERACTION WITH A LARGER
CONDUCTING RING PROVIDES CRITICAL INSIGHTS INTO THE DYNAMIC BEHAVIOR OF ELECTROMAGNETIC SYSTEMS, BRIDGING
THEORETICAL PHYSICS WITH PRACTICAL ENGINEERING APPLICATIONS.
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