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I. INTRODUCTION 
 

Industrial furnaces that operate at extreme 

temperatures—often exceeding 1000°C—and under 

vacuum or controlled atmospheres (such as inert or 

special gases) play a critical role in advanced 

manufacturing applications including powder 

metallurgy, semiconductor processing, and the 

production of aerospace alloys. These processes 

demand the delivery of very high electrical currents, 

typically ranging from 1 kA to 50 kA or more, to 

resistive or induction heating elements situated 

within tightly controlled environments. This 

requirement introduces the necessity for specialized 

electrical feedthroughs that can not only conduct 

such high currents efficiently but also preserve the 

integrity of the furnace atmosphere. 

 

High-current feedthroughs must fulfill multiple 

challenging requirements. They must conduct  

 

 

 

 

electricity with minimal resistance to avoid excessive 

I²R losses, which translate into unwanted  

heating. At the same time, they must maintain a 

robust, leak-tight seal that separates the high-

pressure external environment from the vacuum or 

pressurized chamber within the furnace. 

Additionally, they must effectively manage the 

intense heat generated by Joule heating in the 

conductor as well as heat conducted and radiated 

from the furnace’s hot interior. Mechanically, these 

components are subjected to significant thermal 

stresses, electromagnetic forces—especially during 

fault conditions—and pressure differentials, all of 

which they must withstand without structural failure. 

Furthermore, these feedthroughs must offer long-

term reliability by operating continuously through 

repeated thermal cycling without degradation. 

 

Abstract- High current electrical feedthroughs are critical components in industrial furnaces operating under 

vacuum or controlled atmospheres, enabling processes like sintering, melting, crystal growth, and heat treatment. 

The transmission of thousands of amperes through feedthroughs presents significant challenges in thermal 

management, electrical efficiency, structural integrity, and sealing. Water cooling has emerged as the dominant 

solution for managing the intense Joule heating generated. This review synthesizes key literature on the design 

principles, analytical approaches, material selection, cooling system optimization, failure mechanisms, and 
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Failure of a high-current feedthrough can be 

catastrophic. Consequences may include loss of 

vacuum, contamination of the controlled 

atmosphere, electrical arcing, and even the ingress 

of cooling water into the furnace chamber—an event 

that could potentially cause an explosion. Such 

failures result in costly downtime, complex repairs, 

and safety hazards. Among the available thermal 

management techniques, water cooling remains the 

most effective and widely adopted solution for 

dissipating the substantial heat load associated with 

these feedthroughs. Consequently, the design and 

analysis of Water Cooled High Current Feedthroughs 

(WCHCF) is a matter of paramount impor. 

 

II. FUNDAMENTAL DESIGN PRINCIPLES 

& COMPONENTS 

 
A typical Water Cooled High Current Feedthrough 

(WCHCF) comprises several key elements, which are 

extensively documented in furnace design literature 

and component supplier catalogs [1, 2, 3]. At its core 

lies the conductor, the primary element responsible 

for carrying the electrical current. High-conductivity 

copper, particularly grades such as C10100 and 

C10200 (Oxygen-Free Electronic, OFE), is almost 

universally used due to its excellent electrical and 

thermal conductivity. The conductor is commonly 

shaped as cylindrical rods, tubes (to facilitate internal 

cooling), or complex machined profiles, and it is 

often silver-plated to reduce contact resistance at 

joints and improve resistance to oxidation. 

 

Surrounding the conductor is the cooling jacket or 

passage, which circulates water to remove the heat 

generated by Joule heating. There are several 

common cooling configurations. The external jacket 

design uses a concentric tube that surrounds the 

conductor, forming an annular flow path. While this 

arrangement is simpler to manufacture, it can be less 

effective in transferring heat to the conductor's core. 

Internal bore cooling, which involves a central bore 

within a solid or thick-walled tubular conductor, 

provides direct cooling to the hottest regions but 

demands careful attention to design in order to 

prevent flow restrictions and erosion. A more 

advanced approach employs complex machined 

channels, where intricate flow paths are created 

either on the conductor’s surface or inside a 

conductor block to encourage turbulent flow and 

maximize heat transfer efficiency. These, however, 

are more complex and expensive to manufacture. 

To ensure electrical isolation between the live 

conductor and the grounded furnace body while 

maintaining a vacuum-tight seal, an electrical 

insulator is employed. High-purity alumina (Al₂O₃) 

with purities ranging from 95% to 99.8% is most 

commonly used due to its excellent insulating 

properties, good thermal conductivity, high 

mechanical strength, and vacuum compatibility. 

Alternatives include glass-ceramics like MACOR or 

specialized polymers for applications at lower 

temperatures. The design of the insulator—such as 

disk or cylindrical bushing—plays a critical role in 

managing voltage hold-off and distributing 

mechanical and electrical stresses. 

 

One of the most challenging aspects of WCHCF 

design is the metal-to-ceramic (or glass) seal, which 

must be hermetic and capable of accommodating 

the significant differences in coefficients of thermal 

expansion (CTE) between metal components (e.g., 

copper alloy, Kovar, stainless steel) and ceramic or 

glass materials. Various sealing techniques are 

employed. Brazed seals, using active braze alloys 

such as Ag-Cu-Ti, can wet both metal and ceramic 

surfaces and provide high reliability when properly 

fabricated under controlled conditions [4, 5]. 

Compression seals utilize a ductile metal, such as 

OFHC copper or silver, which is compressed between 

conical or spherical mating surfaces in the metal 

housing and ceramic insulator. This method depends 

on the plastic deformation of the metal to sustain the 

seal through thermal cycling [1, 6]. Another method 

is the glass-to-metal seal (GTMS), in which a specially 

formulated glass is fused to a preoxidized metal, 

typically Kovar or Dumet, which closely matches the 

CTE of the glass. The fused glass also bonds to the 

ceramic insulator, forming a complete seal [3]. 

 

The terminals and connections of a WCHCF are also 

critical. These interfaces, often implemented as 

bolted clamps or silver-soldered lugs, connect the 

external busbars to the internal furnace elements. To 

avoid localized heating and failure, it is essential that 

these connections maintain low electrical resistance. 
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Finally, the feedthrough’s housing and flange 

provide structural support, facilitate the integration 

of cooling water connections, and allow the entire 

assembly to be mounted onto the furnace vessel 

using a standardized flange system (such as CF, KF, 

or ISO). These structural elements are typically 

fabricated from corrosion-resistant stainless steel, 

such as grades 304 or 316, to ensure mechanical 

strength and compatibility with vacuum 

environments. 

 

III. THERMAL MANAGEMENT: THE CORE 

CHALLENGE 

 
The primary motivation for incorporating water 

cooling in high-current feedthroughs is to effectively 

manage the substantial heat generated during 

operation. Several sources contribute to this thermal 

load. Joule heating, resulting from I²R losses, is the 

dominant mechanism, where heat is generated 

within the conductor due to its inherent electrical 

resistance. This heat is proportional to the square of 

the current (I²) and the resistance (R), making the 

minimization of resistance critical. In addition to 

internal heating, conducted heat flows axially along 

the conductor from the hot furnace interior towards 

the cooler external environment. Radiated heat, in 

the form of infrared radiation, is absorbed by 

feedthrough components exposed to the furnace’s 

high-temperature zone. Another contributor is 

contact resistance heating, which arises at electrical 

joints and terminal connections due to imperfect 

contact surfaces. 

 

The literature on thermal management of WCHCFs 

focuses on several key areas. Modeling heat 

generation is crucial, especially in accurately 

calculating I²R losses, which requires precise 

knowledge of the conductor’s resistivity—highly 

dependent on temperature—and the effective path 

length and resistance. Contact resistance at joints 

represents a major source of uncertainty and 

localized heating, emphasizing the importance of 

careful design and assembly practices [7, 8]. Finite 

Element Analysis (FEA) is widely employed to 

simulate and map temperature distributions, 

accounting for all heat sources involved [9, 10]. 

Transferring heat to the coolant efficiently is 

essential for thermal management. Achieving high 

heat flux removal involves maximizing the heat 

transfer coefficient (h), which can be enhanced by 

promoting turbulent flow through high Reynolds 

numbers, adjusting flow velocities, and optimizing 

channel geometries. Increased surface area, such as 

by incorporating fins or complex channel designs, 

further enhances heat exchange. Water is typically 

used as the coolant due to its favorable thermal 

properties [11]. The temperature difference (ΔT) 

between the conductor and the coolant is another 

key parameter; however, it is constrained by the 

coolant’s inlet temperature (usually 20–40°C) and the 

need to avoid boiling or inducing excessive thermal 

stresses. To prevent scaling and maintain material 

integrity, the outlet temperature is generally kept 

below 60–70°C. 

 

Optimizing the cooling system design involves 

balancing various trade-offs. For instance, increasing 

flow rate improves the heat transfer coefficient but 

also raises the pressure drop, necessitating more 

powerful pumps and increasing the risk of erosion or 

cavitation. Channel geometry significantly affects 

performance; options such as annular gaps, internal 

bores, and machined channels each offer different 

advantages. Computational Fluid Dynamics (CFD) 

plays a vital role in optimizing these flow paths, 

minimizing dead zones, and enhancing heat removal 

efficiency [12]. Material thickness is also a 

consideration—while thicker conductor walls offer 

better axial heat conduction, they also add thermal 

mass and can hinder radial heat transfer to the 

coolant. 

 

Another critical aspect is thermal stress analysis. 

Large temperature gradients—particularly between 

the hot conductor core and the cooled surface, or 

across joints between dissimilar materials like metal 

and ceramic—generate significant thermal stresses. 

These stresses can lead to yielding, fatigue, or even 

failure of the hermetic seal. Coupled 

thermomechanical analysis using FEA is essential to 

predict stress concentrations and assess structural 

reliability under operating conditions [5, 10, 13]. The 

challenge is compounded during cyclic operation, 
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which introduces additional fatigue loads and 

increases the risk of long-term degradation. 

 

IV. ELECTRICAL DESIGN 

CONSIDERATIONS 

 
Conductor sizing in Water Cooled High Current 

Feedthroughs (WCHCFs) is primarily dictated by the 

permissible current density, defined as J=I/AJ = I / 

AJ=I/A, where III is the current and AAA is the cross-

sectional area. The acceptable current density 

depends on the effectiveness of the cooling system 

and the conductor material. For water-cooled 

oxygen-free electronic (OFE) copper, continuous 

current densities typically range from 5 A/mm² to 15 

A/mm², with higher values achievable in well-

optimized designs [1, 2, 14]. If the current density is 

too high, it can result in excessive temperature rise, 

leading to accelerated thermal degradation and 

reduced component lifespan. 

At high alternating current (AC) frequencies, such as 

those used in induction furnace applications, 

additional electromagnetic phenomena like skin and 

proximity effects become significant. The skin effect 

causes current to concentrate near the surface of the 

conductor, while the proximity effect results from the 

influence of nearby conductors, both of which 

increase the effective resistance and localized 

heating compared to direct current (DC) operation. 

This necessitates careful optimization of conductor 

shape and configuration—for example, choosing 

between tubular versus solid rod geometries. In 

some complex multi-feedthrough arrangements, 

principles derived from Litz wire design are 

employed to mitigate these high-frequency losses 

[15]. 

 

Minimizing contact resistance at terminal and 

connection points is also crucial to ensure reliable 

performance and prevent localized heating. Effective 

strategies include applying high contact pressure, 

increasing the contact area, using conductive 

coatings such as silver or gold, and protecting joints 

from oxidation by sealing or maintaining them in 

inert environments [7, 8]. 

Dielectric strength is another essential consideration, 

as the insulator must reliably withstand the 

operating voltage along with an appropriate safety 

margin, even under vacuum conditions where 

breakdown voltages differ significantly from those in 

air. A robust insulator design requires adequate 

creepage and clearance distances, the use of high-

quality, defect-free insulating materials, and the 

careful avoidance of geometric triple points—

locations where the metal, insulator, and vacuum 

interface converge—since these areas are prone to 

electric field enhancement and potential breakdown 

[16]. 

 

V. MATERIALS SELECTION & 

DEGRADATION MECHANISMS 

 
Material selection for Water Cooled High Current 

Feedthroughs (WCHCFs) is governed by a complex 

set of requirements that often conflict with one 

another, necessitating careful compromise. The 

conductor is typically made of oxygen-free 

electronic (OFE) copper (C10100 or C10200), chosen 

for its excellent electrical and thermal conductivity, 

good machinability, and reasonable mechanical 

strength. Silver plating is commonly applied to 

enhance surface conductivity and resist oxidation. 

However, this material is susceptible to degradation 

mechanisms such as annealing (softening) when 

exposed to sustained high temperatures, 

oxidation—especially at the furnace-facing hot 

ends—creep under mechanical or thermal stress, 

and erosion or corrosion if the coolant chemistry is 

not properly controlled [1, 17]. 

 

The insulator is usually composed of high-purity 

alumina (Al₂O₃) in the 94% to 99.8% purity range. 

This ceramic material provides high dielectric 

strength, excellent volume resistivity, reasonably 

good thermal conductivity for a ceramic, strong 

mechanical integrity, and compatibility with vacuum 

environments. Despite these advantages, 

degradation can occur due to brittle fracture caused 

by thermal shock or mechanical impacts, slow crack 

growth under sustained stress, and potential 

contamination that reduces insulation resistance [5, 

18]. 

 

Seal materials vary depending on the sealing 

approach. For brazed seals, silver-copper-titanium 

(Ag-Cu-Ti) alloys are commonly used, but they can 
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degrade through the formation of brittle 

intermetallic compounds, creep, and corrosion over 

time. Compression seal metals like OFHC copper and 

silver are favored for their ductility and conductivity 

but may suffer from stress relaxation or creep, 

leading to a reduction in sealing force and 

susceptibility to oxidation. In glass-to-metal seals 

(GTMS), materials such as borosilicate glasses, Kovar 

(a Fe-Ni-Co alloy), and Dumet (a Cu-clad Ni-Fe alloy) 

are used. These materials can degrade through glass 

devitrification, oxidation of the metal components, 

and thermal fatigue cracking under cyclic thermal 

loading. 

 

The housing and flange, which provide structural 

integrity and interface with the furnace body, are 

typically constructed from stainless steel grades 304 

or 316. These materials offer good strength, 

corrosion resistance in the presence of coolants and 

furnace atmospheres, and compatibility with vacuum 

environments. Nonetheless, degradation issues such 

as pitting corrosion, crevice corrosion, and stress 

corrosion cracking can arise over time. 

Failure analysis in the literature frequently attributes 

malfunction of WCHCFs to several root causes [10, 

13, 17, 19]. These include thermal fatigue cracking at 

stress concentration points such as braze joints and 

sharp corners, creep deformation that compromises 

seal integrity, and overheating caused by insufficient 

cooling—often the result of scale buildup, flow 

restriction, or undersized cooling channels—which in 

turn accelerates material degradation through 

annealing and oxidation. Electrical breakdowns can 

occur due to insulator contamination or mechanical 

damage, while coolant leaks may result from 

corrosion or vibration-induced fatigue. Finally, an 

increase in contact resistance at electrical joints can 

lead to localized overheating and potential 

meltdown. 

 

VI. ANALYTICAL AND COMPUTATIONAL 

METHODS 

 
Modern Water Cooled High Current Feedthrough 

(WCHCF) design is deeply rooted in advanced 

modeling and simulation techniques that enable 

engineers to optimize performance, reliability, and 

safety. At the core of this design methodology is 

Finite Element Analysis (FEA), which serves as a 

foundational tool across multiple physical domains. 

Electro-thermal simulations are used to compute 

current distribution, Joule heating, and the resultant 

temperature fields within the conductor and 

surrounding structures [9, 10]. Thermo-mechanical 

FEA is employed to predict thermal stresses and 

deformations that arise from temperature gradients 

and mechanical constraints, which are critical for 

ensuring long-term mechanical integrity [5, 13]. 

Additionally, Computational Fluid Dynamics (CFD) 

plays a vital role in modeling coolant flow, 

calculating local heat transfer coefficients, assessing 

pressure drops, and determining temperature 

distributions both within the coolant and the solid 

components of the feedthrough [12]. These CFD 

models are often tightly integrated with thermal FEA 

to provide a cohesive thermal management strategy. 

For the most accurate and holistic insights, 

multiphysics models are employed that 

simultaneously incorporate electromagnetics, heat 

transfer, fluid dynamics, and structural mechanics, 

delivering a comprehensive view of the system's 

behavior under real-world operating conditions [20]. 

 

While numerical simulation offers depth and 

flexibility, analytical models remain valuable for 

initial sizing, design iteration, and gaining physical 

intuition. Simplified thermal analysis can be 

conducted using lumped capacitance models, while 

standard engineering formulas are employed to 

estimate flow resistance and average heat transfer 

coefficients in common geometries such as pipes 

and annuli [11]. Stress models for thick-walled 

cylinders subjected to thermal gradients also provide 

baseline assessments for mechanical behavior. 

 

Experimental validation is essential to verify the 

accuracy of simulations and to qualify new designs 

for operational deployment. Key techniques include 

thermocouple mapping to track temperature 

distributions, flow rate and temperature differential 

(ΔT) measurements to assess heat removal 

capability, and voltage drop assessments to evaluate 

electrical resistance and power losses [1, 21]. 

Additional critical tests include helium mass 

spectrometry for leak detection to ensure vacuum 
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integrity, high-potential (HiPot) testing to confirm 

dielectric strength of insulating components, and 

destructive physical analysis (DPA) of failed 

components to uncover underlying failure 

mechanisms. Together, these simulation and 

validation approaches enable the development of 

robust, high-performance WCHCFs suitable for 

demanding industrial applications. 

 

VII. DESIGN OPTIMIZATION TRENDS & 

ADVANCED CONCEPTS 

 
Literature points to ongoing efforts to enhance the 

performance and reliability of Water Cooled High 

Current Feedthroughs (WCHCFs) through 

advancements in cooling efficiency, materials, 

joining techniques, and real-time diagnostics. One 

key area of improvement is enhanced cooling 

efficiency. This includes the use of topology 

optimization and Computational Fluid Dynamics 

(CFD) to design complex, non-uniform internal 

cooling channels that maximize heat transfer while 

minimizing pressure drop [12, 20]. Additive 

manufacturing (3D printing) is also playing a 

transformative role by enabling the fabrication of 

conductors with intricate internal cooling 

geometries that are impossible to achieve with 

traditional machining methods. These conformal 

cooling pathways significantly improve thermal 

management and uniformity [22]. Moreover, 

researchers are exploring advanced coolants such as 

nanofluids—water-based fluids containing 

suspended nanoparticles—which offer the potential 

for higher thermal conductivity. However, practical 

challenges such as stability, cost, and the risk of 

erosion or clogging still present substantial hurdles 

to implementation [23]. 

 

In parallel, substantial progress is being made in the 

realm of improved materials and joining techniques. 

The concept of functionally graded materials (FGMs) 

is being investigated to enable smooth transitions in 

material properties, particularly from metal to 

ceramic, in order to mitigate thermal stresses at 

joints and interfaces [24]. Advanced ceramics like 

aluminum nitride and silicon nitride composites are 

also under study for their higher fracture toughness 

and more tailored coefficients of thermal expansion 

(CTE), offering better resistance to thermal shock and 

mechanical stresses [18]. Additionally, novel brazing 

and bonding methods such as transient liquid phase 

(TLP) bonding and diffusion bonding are being 

explored for their potential to deliver higher 

temperature capability and stronger, more reliable 

joints. 

 

To complement these material and design 

innovations, monitoring and diagnostic technologies 

are being integrated into WCHCF systems to provide 

real-time health assessment and predictive 

maintenance. This includes the embedding of 

temperature sensors, such as fiber Bragg gratings, to 

monitor local temperatures along the conductor or 

insulator. Flow sensors can track coolant dynamics, 

and there is growing interest in employing acoustic 

or vibration-based diagnostics for early detection of 

anomalies, although this area remains an active 

research frontier. Together, these multifaceted 

developments are driving the next generation of 

high-performance, durable, and intelligent WCHCF 

solutions [25]. 

 

VIII. CONCLUSIONS AND FUTURE 

OUTLOOK 

 
High current water-cooled feedthroughs remain vital 

yet challenging components in advanced industrial 

furnaces. Their successful design and operation 

hinge on a deep understanding of coupled electro-

thermo-mechanical-fluid phenomena and the 

careful selection and integration of materials. Water 

cooling is indispensable for managing the 

substantial Joule heating and conducted or radiated 

heat loads. Key challenges persist, including 

managing thermal stresses—particularly at critical 

metal-ceramic seals under cyclic operation—

minimizing contact resistance and its variability, 

predicting and preventing long-term degradation 

mechanisms such as creep, fatigue, and corrosion, 

and optimizing cooling efficiency without incurring 

excessive pressure drops or risks of erosion and 

cavitation. Another significant challenge is reducing 

manufacturing complexity and cost, especially for 

high-reliability seals. 
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Computational multiphysics modeling using Finite 

Element Analysis (FEA) and Computational Fluid 

Dynamics (CFD) has become an essential tool for 

design and analysis, enabling the development of 

more sophisticated and optimized feedthrough 

geometries. Emerging technologies such as additive 

manufacturing (AM) offer the promise of 

revolutionary cooling channel designs that are 

otherwise unachievable with conventional 

fabrication methods. Concurrently, research into 

advanced materials—including functionally graded 

materials (FGMs), tougher ceramics, and 

nanofluids—as well as improved joining techniques, 

aims to expand the boundaries of power density, 

temperature capability, and operational lifetime. 

Looking forward, future development is expected to 

focus on several strategic areas. First, the integration 

of additive manufacturing will likely see wider 

adoption, enabling 3D-printed components that 

offer superior thermal management through tailored 

internal structures. Second, the advent of smart 

feedthroughs—embedding sensors for real-time 

health monitoring and adaptive control—promises 

enhanced reliability and safety. Third, the 

development of enhanced reliability models will 

allow for better life prediction based on physics-

informed simulations that incorporate known 

degradation mechanisms. Fourth, although 

feedthrough designs are often application-specific, 

greater standardization of mechanical and electrical 

interfaces, along with performance validation 

protocols, would benefit the industry by improving 

compatibility and reducing lead times. Finally, a 

growing emphasis on sustainability is expected, 

focusing on improving energy efficiency by 

minimizing I²R losses and optimizing water usage in 

cooling systems. 

Continued research and development across these 

domains are crucial to meet the escalating demands 

of next-generation high-temperature furnace 

technologies, particularly in applications involving 

advanced materials processing where precision, 

reliability, and efficiency are paramount. 
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