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IntroductionIntroduction

• Trapped Flux Experimental Data
– Heat input to cause an instability
– Measure change in magnetic flux (� B)

• Analytical Model
– Simple approach (basic physics)
– Thermal and electro-magnetic energy balance

• Comsol Multiphysics Model
– 2-D rotational (3-D) model developed
– Comparison to explain the experimental data

� EThermal =� EMagnetic +� EHeater
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Experiment - YBCO Stability Experiment - YBCO Stability 

• Superconducting motor for Aeropropulsion
– Trapping and maintaining magnetic field in bulk YBCO is 

critical to motor reliability (stability of permanent magnet)
– Once field is trapped, what is the effect of a heat input?

• Heat input instabilities
– Magnetic flux decreases
– Loss of stored energy

YBCO acts as 
permanent magnet

YBCO experimental sample
Diameter = 21 mm
Thickness = 8 mm
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Experiment - FacilityExperiment - Facility

Experiments performed in 
Nancy, France in cooperation 
with GREEN Laboratory, 
University Henri Poincare

PPMS cryostat
Magnetic control
Temperature control

Quatum Design www.qdusa.com
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Experiment - ProcedureExperiment - Procedure

Heater

YBCO Sample

Hall Probes RTD Sensor

Trapped Field via Field Cooling Method
1. The applied magnetic field is ramped up
2. The chamber temperature is decreased to the operating temperature
3. The applied magnetic field is then ramped down to zero (flux is 
trapped in the sample)
4. A heat impulse is applied to the sample
5. Change in magnetic field on the sample is measured (Hall probes)
6. The temperature is raised above the critical temperature (quench)
7. Experiment repeated at new B-T conditions

Flow of 
helium 

Gas
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Experiment - Results (I)Experiment - Results (I)

• Trapped flux vs TOP

• Values reported by supplier and data from bulk YBCO sample
• Non-linear trend, reasonable agreement 

www.can-superconductors.com
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Experiment - Results (II)Experiment - Results (II)

0031.0*0015.0 -=D INPUTTrapped EnergyB

208.0*0136.0 -=D INPUTTrapped EnergyB

264.0*0349.0 -=D INPUTTrapped EnergyB80 K:

60 K:

30 K:

Note: All experiments performed with 
plates at complete current saturation.

• Change in trapped flux vs. 
energy input:

• Linear trend for a TOP

• Magnetic field decreases 
linearly with energy input

• (Loss of stored energy)

• Runaway quench not 
observed

• Minimum energy to remove 
entire trapped flux can be 
calculated from equations
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Experiment - Results (III)Experiment - Results (III)

• Change in trapped magnetic flux for a constant heat  
input (22J)
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Experiment - Results (IV)Experiment - Results (IV)

• Normalized Data: Change in magnetic flux relative 
to the initial magnetic flux

A minimum occurs at ~ 57K (point of maximum stability?)
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Experiment - ConclusionsExperiment - Conclusions

• Trapped flux not linear vs. Top
• Linear relationship between change in trapped 

flux and heat input
• No thermal runaway observed (sample does not

quench via thermal runaway)
• Relative flux loss due to a fixed thermal 

disturbance exhibits a minimum at ~57K 

Why?
Can this phenomena be explained?
Can this phenomena be modeled?
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Analytical Model – Temperature DependenceAnalytical Model – Temperature Dependence

• JC and cP are functions of T

• Examine an energy balance of the YBCO sample that 
includes the effects of cP(T) and JC(T)

Cp

Jc

Max Stability 
Point

Temperature

Normalized B 
data profile
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Analytical Model - IntroductionAnalytical Model - Introduction

• 2 state, 1-dimensional analysis (radius)
• Modeled after experiment

– Heat Input is volumetric
– Measure magnetic flux with a theoretical Hall Probe

• Energy balance from temperature at initial and final states
• Change in magnetic field calculated from initial and final states
• Magnetic field “measured” slightly above sample
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Analytical Model – Energy EquationsAnalytical Model – Energy Equations

ThermalMagneticinput EEE D=D+

TTmcEThermal D=D )(

3220

4
)( RHJJWEMagnetic
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Assumes full 
current saturation 
at both initial and 

final states

Symbol Quantity Value

R Radius 0.0105 m

H Height 0.008 m

M Mass 0.01762 kg

� 0 Magnetic Perm. 4� E-7 H/m

� 1 Angle to B1 0.9137 
radians

� 2 Angle to B2 1.5803 
radians

z Dist. To  Z 0.0041 m

To Char. Temp 77K

Tc Crit. Temp 92K

Jco Current dens at 
To

150 A/mm2

Energy input is the heat energy

iiffCfCiinput TTmcTTmcRHJRHJQ )()(
44

220220 -=-+
pmpm

Final Equation

inputQ
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Analytical Model – Assumptions & ProcedureAnalytical Model – Assumptions & Procedure

• Boundary Conditions and Assumptions
– Adiabatic, no cooling to sample during stability event
– Initial state has trapped flux with full current penetration
– Final state also has full current penetration
– Volumetric heat addition, no thermal gradients in the sample
– B = f(radius)

• Initial State
– Ti, JC(Ti), cP(Ti) all known
– Qin known

• Final State
– Iterate Tf to find JC(Tf) and cP(Tf) and solve energy balance
– Calculate final magnetic flux at sample top, center

iiffCfCiin TTmcTTmcRHJRHJQ )()(
44

220220 -=-+
pmpm
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Analytical Model – Flow ChartAnalytical Model – Flow Chart

Initial: T and Q inJC(Ti)

cP(Ti)

Calculate B i

Final: TJC(Tf)

cP(Tf)

Iterate T f

Use energy balance

Yes, energy balances
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Compare B i 
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Analytical Model – Results(I)Analytical Model – Results(I)

• Trapped flux vs. operating temperature:
– Linear behavior as observed, but with different slope
– Due to JC approximation a f(T)

• Trapped flux at 77K
– Model value ~ 0.35 T
– Experimental value ~ 0.4 T

• Trapped flux at 30K
– Model value ~ 1.4 T
– Experimental value ~ 2.75 T
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Analytical Model – Results(II)Analytical Model – Results(II)

• Change in trapped flux vs. energy input  
• Similar behavior to experimental values

• Energy into heater values not the same (plus, 
volumetric vs. bottom deposition)

• Model is adiabatic, experiment is not

Experimental Data

NOTE: Experimental 
data shown to 

illustrate similar 
behavior
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Analytical Model – Results(III)Analytical Model – Results(III)

• Constant energy input vs. Operating Temperature
– Note similar behavior to experimental data
– Model is adiabatic, experiment has cooling during energy 

deposition and loss of trapped flux

Note: Constant 
energy input
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Analytical Model – Results(IV)Analytical Model – Results(IV)

• Normalized Data for constant energy input
• Minimum at 57K for both 5J and 7J constant heat input
• Experimental data shown with minimum at 57K
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Analytical Model - ConclusionsAnalytical Model - Conclusions

• Analysis utilizes cP(T) and JC(T) and a simple model
• Similar trends found for both change in magnetic flux vs. 

energy input, and normalized data 
• Minimum again found at 57K for normalized data
• However, no thermal gradients were calculated and only 

radial effects of the magnetic field were included
• Assumed full current penetration for entire sample at final 

state
Some questions remain?

What happened to the current density in the sample 
after the heat input?

Is the adiabatic assumption valid?
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Comsol Multiphysics (FEA)Comsol Multiphysics (FEA)

• Comsol Multi-physics software
– Simultaneous module use
– Link between thermal and electro-magnetic equations
– Multiple variable dependence for functions
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Introduction to ModelIntroduction to Model

• Modeling the experiment
– Understand the effect of 

heat pulse
– Study the current density 

profile
– Use magnetic flux probes

• Model
– Trapped flux via Field 

Cooling
– Bulk HTS material modeled 

after YBCO
– Applied field from coil

Cooling Environment

Coil to apply magnetic field

Rotational Axis

YBCO Sample

Heater 

Close up of Model

Magnetic 
Flux 

Probes
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Comsol Multiphysics Model - IntroductionComsol Multiphysics Model - Introduction

• 2-D rotational model (3-D) developed utilizing “Azimuthal 
Induction Currents” and “General Heat Transfer” modules

• Energy is inputted from the bottom via heater
– Energy in form of a heat pulse
– Energy transferred to the heater volumetrically and to the 

sample by conduction

• Cooling of YBCO from surrounding environment
– Cooldown performed by Temperature B.C.

– Altering conductivity of cooling environment gives control of 
cooling power to sample

• Investigate the response of the current density
– Spatial change in response to the heat input
– Effect of the cooling on the current density

Overall view of Model done in Comsol Multiphysics
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Comsol Model – ConditionsComsol Model – Conditions

• JC=f(T,B)
• Electrical Conductivity

– E-J Power law
– n = 20 

• Initial T = 92K

• cP(T) 
• Constant thermal 

conductivity
– Chosen to assist in 

convergence
– k(T) varies ~ 20% 
– k chosen near kmax

• Sample isothermal during 
decrease in applied field
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Bo Magnetic Field at To 0.5 T

JCo Current dens at To 850 A/mm2
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Comsol Model – ProcedureComsol Model – Procedure

Procedure
1. Ramp up current in coil to apply magnetic field
2. Cool sample to target operational temperature
3. Ramp down current in coil to zero
4. Reduce the heat transfer from the cooling environment
5. Apply heat pulse
6. Measure change in magnetic field
7. Investigate the transient current density profile

1 2 3,4 5 6,7

Typical transient 
trapped flux 

profile in YBCO 
sample

Time (s)

F
lu

x 
D

en
si

ty
  

(T
)

Trapped 
Flux
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Comsol Model – Current Density and Trapped FluxComsol Model – Current Density and Trapped Flux

• Current density 
– Critical state model
– Current density contour lines

• Proceed with steps in field 
cooling (model process of 
trapping flux)

• JC = f(T,B)
– Trapped magnetic flux occurs in 

the center
– JC forced toward edge
– Trapped flux is a nearly perfect 

dipole (current loop)

Rotation Axis

HTS 
Bulk

Trapped Magnetic 
Flux Contours 

and Lines

Current density 
profile

Simple illustration of 
Comsol predictions of 
trapped flux process
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Comsol Model – Current Density and Trapped FluxComsol Model – Current Density and Trapped Flux

• Video of the Flux Trapping via Field Cooling (Top 47K)
– Color density plot is trapped flux (flux density)
– Contour lines illustrate current density

File: surface mag flux contour current density.avi
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Comsol Model – Current Density and Trapped Flux (II)Comsol Model – Current Density and Trapped Flux (II)

• Video of the Flux Trapping via Field Cooling (Top 47K)
– Color density plot shows the current density
– Contour lines illustrate the flux density

File: surface current density contour magnetic flux .avi
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Comsol Model – Current Density and Trapped Flux (III )Comsol Model – Current Density and Trapped Flux (III )

• Current density
– J=f(T,B)
– Trapped flux near center of sample
– Current density concentrated near edge of sample (trapped dipole)
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Comsol Model – Current Density and Trapped Flux (III )Comsol Model – Current Density and Trapped Flux (III )

• At end of flux trapping process, no heat input or disturbance
– Trapped flux near center of sample
– J=f(T,B), current density concentrated near edge of sample (trapped dipole)

Trapped Magnetic flux profile Current density profile
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Comsol Model – Heat input (loss of trapped flux)Comsol Model – Heat input (loss of trapped flux)

• Current density profile during heat input instability (loss of 
trapped flux)

File: movie2.avi
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Comsol Model – Results(I)Comsol Model – Results(I)

• Comsol model trapped flux curve follows same trend 
• Comsol model and simple analysis bound the 

experimental data
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Comsol Model – Results(II)Comsol Model – Results(II)

• Change in trapped flux follows same behavior as 
experimental and analytical data, but not as linear

Simple Analysis

Comsol
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• Change in flux with constant energy input (25J) gives similar 
trend to experimental and analytical data

Comsol Model – Results(III)Comsol Model – Results(III)

Note: Constant 
energy input

Change in Trapped flux vs. Operating 
Temperature with Constant Energy Input
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Comsol Model – Results(IV)Comsol Model – Results(IV)

• Normalized data gives minimum at 57K for both 25J 
and 50J of energy input (matching experimental and 
analytical behavior)
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Comsol Model – Results(V)Comsol Model – Results(V)

Current density at end of pulse 
with cooling from surroundings

Current density at end of pulse with 
no cooling (adiabatic case)

• Effect of cooling on current density after a heat pulse
• Shown with same heat load, 100J
• Current almost completely removed in adiabatic case (100% flux loss)
• Current follows same profile for both cases (away from heat input)
• Cooling significantly affects the magnitude of current density (remaining 

trapped flux)
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Comsol Model – ConclusionsComsol Model – Conclusions

• Comsol model results show similar trends to the 
experimental and analytical model data
– Trapped flux vs T similar to analytical model
– A thermal runaway quench is not observed

• Minimum found at 57K for the normalized change in 
the magnetic field after a heat pulse (� B/Bo)
– cP(T) and JC(T)

• Complete loss of current density near the heater
– Current density recedes to the coldest spot of sample
– Cooling greatly affects the total loss of trapped flux in the 

sample
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YBCO Stability – ConclusionsYBCO Stability – Conclusions

• Change in the trapped flux has a linear 
relationship with the heat input from a 
pulse

• A maximum stability point was found to 
exist at 57K due to the dependence of 
temperature on specific heat and the 
current density of YBCO

• Total loss in the magnetic flux is first seen 
near the heat input

• Current density recedes to the coldest and 
still superconducting portion of the YBCO 
sample

• No thermal runaway quench is observed


