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Modes of Heat Transfer

A First-Year Mechanical Engineering Lecture | Thermal Sciences Fundamentals
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Lecture Roadmap

This 1-hour lecture is structured using the Design Thinking Methodology — moving from empathy and definition, through ideation and
prototyping, to real-world application. By the end, you will understand all three modes of heat transfer and recognize them in everyday
engineering systems.

01 02 03

Empathize Define Ideate

Why does heat transfer matter? Real-world Core definitions, laws, and governing Explore mechanisms — Conduction,
context and motivation. equations. Convection, Radiation.

04 05

Prototype Test

Worked examples and solved problems. Industry applications, India context, and mind map summary.
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‘ PHASE 1 — EMPATHIZE ’

Why Does Heat Transfer Matter?

Heat transfer is one of the most fundamental phenomena in mechanical engineering. From the
cooling systems in a smartphone to blast furnaces in steel plants, every thermal process relies on
at least one mode of heat transfer. Understanding these mechanisms allows engineers to design
safer, more efficient, and more sustainable systems across every industry sector.

I Manufacturing

Controlling temperatures in casting, forging, and welding processes.

4 Power Plants

Steam generation and turbine cooling in thermal power stations.

#8 Automotive

Engine cooling, exhaust management, and brake heat dissipation.

€ Climate Systems

HVAC design, refrigeration, and building thermal insulation.
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h fer? finiti

What Is Heat Transter! — Core Definitions

Thermodynamic Foundation The Three Modes

Heat (Q) is energy in transit due to a temperature difference. It always Conduction

flows spontaneously from a region of higher temperature to lower

temperature — a direct consequence of the Second Law of Transfer through direct molecular contact in solids or

Thermodynamics. stationary fluids.

Heat transfer is the science of quantifying the rate and direction of this
energy exchange. Convection

Transfer via bulk fluid motion — natural or forced.

S| Unit: Joules (J) for energy; Watts (W) for rate of heat transfer (Q = dQ/dt)

Radiation

Transfer via electromagnetic waves — requires no
medium.

Modes of Heat Transfer 4



[ PHASE 3 — IDEATE - MODE 1 ]

Conduction: Heat Through Solids

LLTFITITION S
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Conduction occurs when heat flows through a solid (or stationary fluid) due to molecular
vibrations and free electron movement. Higher-energy molecules transfer energy to adjacent
lower-energy molecules without any bulk movement of matter.

Fourier's Law of Conduction

Q =-kA (dT/dx) — Heat flux is proportional to the temperature gradient and cross-
sectional area. The negative sign ensures heat flows in the direction of decreasing
temperature.

Thermal Conductivity (k)

A material property (W/m-K). Metals: high k (copper = 385 W/m-K); Insulators: low k (glass
wool = 0.04 W/m-K).

Thermal Resistance

Analogous to electrical resistance: R =L / (kA). Composite walls use series/parallel
resistance networks.

Modes of Heat Transfer
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[ MODE 1 — CONDUCTION: EXAMPLES ]

Conduction in the Real World

Cooking Utensils Building Insulation Electronics Cooling

A metal spatula conducts heat rapidly from Multi-layered walls in Indian buildings use Copper heat sinks conduct heat away from

the pan. Plastic or wooden handles act as brick, air gaps, and insulation boards to microprocessors. Thermal paste minimizes

insulators — an everyday application of low-k  maximize thermal resistance — keeping contact resistance between chip and sink —

materials protecting the user. interiors cool in extreme heat (up to 45°Cin critical for high-performance computing
Rajasthan). systems.

Modes of Heat Transfer 6



[ PHASE 3 — IDEATE - MODE 2 ]

Convection: Heat Through Fluid Motion

The Mechanism Two Types of Convection

Convection involves heat transfer between a solid surface and a
moving fluid (liquid or gas). Fluid particles adjacent to the surface Natural (Free) Convection
absorb heat, become less dense, rise, and are replaced by cooler

partlcles — creating a continuous circulation pattern. Driven by buoyancy forces

from density differences

, ) caused by temperature
Newton's Law of Cooling _
gradients. No external

Q = hA(Ts - T) device needed. Example:

warm air rising above a
Where h = convective heat transfer coefficient (W/m2-K), A = surface radiator
area, Ts = surface temperature, Te = fluid temperature far from

surface.

Modes of Heat Transfer
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Forced Convection

An external device (fan,
pump, blower) drives fluid
movement. Significantly
higher heat transfer rates.
Example: a CPU fan, car
radiator, industrial cooling
tower.



[ MODE 2 — CONVECTION: EXAMPLES ]
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Convection in Engineering Practice

Convection is the dominant heat transfer mechanism in most fluid-based thermal systems. From power generation to domestic appliances,
engineers carefully design surfaces, flow rates, and fluid properties to maximize or minimize convective heat transfer as needed.

> =

Cooling Towers Automobile Radiators
Used in thermal power plants (e.g., NTPC Vindhyachal), forced Coolant fluid absorbs engine heat and transfers it to ambient air
convection cools hot water returning from condensers using large through forced convection. Fin designs maximize the heat transfer
fans and atmospheric air flow. surface area.
- =

ANAL
Convection Ovens Sea Breezes (India)

Internal fans circulate hot air uniformly, improving cooking efficiency =~ Coastal cities like Mumbai and Chennai experience natural
by 25-30% over conventional ovens — a direct application of forced convection-driven sea breezes — land heats faster than water, driving
convection principles. onshore wind patterns during daytime.
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[ CONVECTION — KEY DIMENSIONLESS NUMBERS ]
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Dimensionless Parameters in Convection

Convection analysis relies on dimensionless numbers that characterize flow regimes and heat transfer behavior. These numbers allow engineers
to scale experiments from lab models to full-size systems — a cornerstone of fluid mechanics and heat transfer analysis.

—_————-—-—  §———————

Reynolds Number (Re) Nusselt Number (Nu)
Re = pVL/p — Ratio of inertial to viscous forces. Re < 2300: laminar Nu = hL/k — Ratio of convective to conductive heat transfer. A
flow; Re > 4000: turbulent flow. Determines convective intensity. higher Nu indicates more effective convection over conduction at

the same length scale.

—_——-e-—ee—e ¢——————

Prandtl Number (Pr) Grashof Number (Gr)
Pr = pc,/k — Ratio of momentum diffusivity to thermal diffusivity. Gr = gBATL3/v2 — Used in natural convection; ratio of buoyancy to
Characterizes the relative thickness of velocity vs. thermal viscous forces. Analogous to Re for forced convection analysis.

boundary layers.

Modes of Heat Transfer 9



[ PHASE 3 — IDEATE - MODE 3 ]

Radiation: Heat Through Electromagnetic Waves

The Mechanism Key Radiation Properties

Radiation is energy emitted by matter in the form of % Emissivity (€)
electromagnetic waves (primarily infrared spectrum). It requires no
medium — it travels through vacuum at the speed of light. Every Ratio of actual emission

body above absolute zero emits thermal radiation. to that of a perfect
blackbody. Polished

metals: € = 0.02-0.05;

Stefan-Boltzmann Law Matte black surfaces: € =
0.95-0.98.

Q = eo0AT4

Where € = emissivity (0-1), o0 = 5.67 x 1078 W/m?2-K* (Stefan- % View Factor (F1z)

Boltzmann constant), T = absolute temperature (Kelvin).

[~ L -

~»

TTUTIONS
WWW,SNSEroups.com

Blackbody Concept

An ideal surface that
absorbs all incident
radiation (a = 1) and
emits the maximum
possible radiation at a
given temperature.

Fraction of radiation leaving surface 1 that directly strikes

Note: radiation depends on T* — it becomes dominant at very high surface 2. Geometry-dependent and critical for furnace

temperatures. design.

Modes of Heat Transfer
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[ MODE 3 — RADIATION: EXAMPLES ]

Radiation in Engineering & Nature

Radiation is the only mode capable of heat transfer across a vacuum — making it uniquely important in space technology, solar energy, and
high-temperature industrial furnaces. Its T* dependence means it dominates in environments exceeding ~1000°C.

{_’ Solar Energy (India) & Industrial Furnaces

India receives ~5.5 kWh/m?2/day of solar irradiation. Rajasthan's In steel-making (e.g., TATA Steel, JSW), radiation dominates heat
solar parks (e.g., Bhadla — world's largest) harness radiation transfer inside furnaces operating at 1200-1600°C. Refractory
directly for electricity generation via photovoltaics and wall emissivities and furnace geometry are critical design
concentrating solar power (CSP). parameters.

< Space Applications “c Infrared Thermometry

Spacecraft and satellites rely entirely on radiation for thermal Non-contact temperature sensors (IR pyrometers, thermal
control. NASA's thermal protection system for re-entry vehicles cameras) measure surface temperatures by detecting emitted
uses low-emissivity ceramic tiles to limit radiative heating to the radiation — widely used in manufacturing quality control and
fuselage. medical diagnostics.

Modes of Heat Transfer 11



t PHASE 4 — PROTOTYPE - COMPARING THE THREE MODES J

Side-by-Side Comparison of All Three Modes

Parameter Conduction Convection

Medium Required Yes (solid/fluid) Yes (fluid)

Governing Law Fourier's Law Newton's Law of Cooling
Key Parameter Thermal conductivity k Heat transfer coeff. h
Temperature Dependence Linear (AT) Linear (AT)

Dominant In Solids, low T Fluids, moderate T

India Example Building walls, cookware Cooling towers, HVAC

FITITION=
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Radiation

No (vacuum OK)
Stefan-Boltzmann Law
Emissivity €

Fourth power (T4)
High T, vacuum, space

Solar farms, furnaces

J In most real engineering systems, two or three modes act simultaneously. A hot pipe loses heat by conduction through the wall,

convection to surrounding air, and radiation to nearby surfaces — all at once. Engineers must evaluate which mode dominates in a

given scenario.

Modes of Heat Transfer
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Worked Example: Heat Loss Through a Composite Wall

Problem Statement Key Insight

A furnace wall consists of 3 layers: refractory brick (L; = 0.25 m, k; = 1.2 W/m-K),
insulating brick (L, = 0.10 m, k, = 0.14 W/m-K), and steel casing (L; = 0.006 m, k; = 50 Dominant Resistance
W/m-K). Inner surface temperature T, = 1200°C, outer air temperature Te = 30°C, outer

The insulating brick (R = 0.714) accounts for 74% of total resistance
convection h = 25 W/m2K. Find: heat flux (Q7A). insulating brick ( ) . ° !

— confirming that insulation layer selection is the most critical
design decision.

Solution Approach

Total Thermal Resistance (per unit area): Steel's Negligible Role

R_total = La/ky + La/ky + La/ks +1/h Despite being a metal, the thin steel casing (R = 0.00012)

=0.208 + 0.714 + 0.00012 + 0.04 = 0.963 m2-K/W contributes <0.01% of total resistance — a common counter-
intuitive result for students.

Heat Flux: Q/A = AT / R_total = (1200 - 30) / 0.963 = 1215 W/m?
Engineering Decision

Increasing insulating brick thickness from 0.10 m to 0.15 m would
reduce heat loss by ~30% — demonstrating the value of thermal
resistance analysis in furnace design.

Modes of Heat Transfer 13
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Thermal Conductivity of Common Engineering Materials

Material Reading the Chart

Copper
Thermal conductivity spans four orders of
Aluminium

magnitude across common engineering materials.

Steel (Carbon) This enormous range is what makes material

selection so impactful in thermal system design.

Concrete

« Metals: free electrons accelerate heat conduction

Glass

— copper is ~15,000x more conductive than glass
Water

wool.
Brick | « Air gaps: low k makes trapped air an excellent
Air insulator — the basis of double-glazed windows
and cavity walls.
Glass Wool
o " « Water: moderate k but high heat capacity — ideal

100 150 200 250 300 350 400
as a coolant fluid in convective systems.

Modes of Heat Transfer 14
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When All Three Modes Act Together

In virtually every real engineering scenario, heat transfer occurs via a combination of modes
simultaneously. Engineers must identify which mode dominates and design accordingly — or
account for all three in detailed analysis.

?} Heat Source

1 Hot fluid or combustion inside a pipe/furnace at high temperature.
Conduction

2
Heat conducts through the pipe wall and any insulation layer outward.
® convection

= Outer surface loses heat to ambient air via natural or forced convection.
{ Radiation

4

Outer surface radiates heat to surroundings — significant if T_surface is high.

Modes of Heat Transfer 15



[ PHASE 5 — TEST - INDUSTRY APPLICATIONS ]

ISRO Space Missions

Chandrayaan and Mangalyaan
missions required sophisticated
radiation-based thermal
management systems. Re-entry
vehicles use ablative heat
shields designed using radiation
and conduction analysis to
survive temperatures exceeding
1600°C.

Heat Transfer in Indian & Global Industry

Steel Industry (TATA, JSW)

Blast furnaces operate at
1500°C+. All three modes are
critical: radiation dominates
inside the furnace, conduction
through refractory walls, and
forced convection cools the
outer casing. India is the world's
2nd largest steel producer.

Modes of Heat Transfer

e Qs

~»

TTUTIONS
WWW.SNSgroups.com

Data Center Cooling (Global)

Hyperscale data centers
(Google, Amazon, TCS) use
forced convection (CRAC units),
conductive heat spreaders, and
phase-change cooling systems.
Thermal management accounts
for up to 40% of a data center's
operating energy cost.

16



[ PHASE 5 — TEST - HEAT EXCHANGERS ]

Heat Exchangers: Applied Heat Transfer

WhatIs a Heat Exchanger? Types & Applications

A device that transfers heat between two or more fluids at
different temperatures, separated by a solid wall. Heat Shell & Tube
exchangers combine conduction (through the wall) and
convection (from fluids to wall) in a single engineered

Most common in petrochemical
plants (ONGC, Indian QOil).

system. Robust design for high-
pressure, high-temperature
lications.
The LMTD Method ApPICAHOns
Q=U-A:-LMTD
Fin & Tube

Where U = overall heat transfer coefficient, A = heat
transfer area, and LMTD = Log Mean Temperature

~»
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Plate Type

Compact and efficient — used
in dairy, food processing, and
pharmaceutical industries. Easy
to clean and service.

Extended surfaces increase convective area. Used in automobile

Difference — the effective driving temperature difference. radiators, air conditioners, and refrigeration condensers worldwide.

Modes of Heat Transfer
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[ PHASE 5 — TEST - SUSTAINABILITY LINK ]

Heat Transfer & Sustainable Engineering

Understanding and optimizing heat transfer is central to sustainable engineering. Reducing unwanted heat loss or gain directly translates to
energy savings, lower carbon emissions, and reduced operating costs — priorities in both India's National Action Plan on Climate Change and
global Net Zero commitments.

al ES 5

Green Buildings Solar Thermal Systems Waste Heat Recovery

GRIHA and LEED-certified buildings in India Parabolic trough CSP plants in Rajasthan use  Industries recover heat from exhaust gases

use high-R-value insulation, double-glazed radiation + conduction + convection to using regenerators and economizers —

windows, and reflective roofs to reduce generate steam and electricity — displacing improving thermal efficiency from ~35% to

cooling loads by up to 40%. fossil fuel combustion at scale. over 50% in modern combined-cycle power
plants.

Modes of Heat Transfer 18
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[ KEY FORMULAS REFERENCE ]
[ ] o
Essential Equations at a Glance
A concise reference for all governing equations covered in this lecture. Mastery of these relationships — knowing when to apply each, and
understanding every variable — is foundational for all future thermal engineering coursework.
Fourier's Law (Conduction) Newton's Law (Convection) Stefan-Boltzmann Law (Radiation)
Q = -kA (dT/dx) Q=hA(T_s - T_x) Q =e0A(T,4-T,%)
k = thermal conductivity (W/m-K) | A= h = convective coefficient (W/m2K) | T_s € = emissivity (0-1) | 0 =5.67 x 1078
area (m?) | dT/dx = temp. gradient (K/m) = surface temp. | T_e = fluid temp. W/mz2-K4 | T in Kelvin
Thermal Resistance: R_cond =L / kA Thermal Resistance: R_conv=1/hA Blackbody: E_b = oT4
Modes of Heat Transfer 19



KEY TAKEAWAYS

What You Should Remember

1 Three Distinct Mechanisms

Conduction (molecular vibration in solids), Convection (bulk
fluid motion), and Radiation (electromagnetic waves) are the
only three ways heat can transfer. Each has its own governing
law and dominant conditions.

3  Material & Geometry Matter

Thermal conductivity k, convective coefficient h, emissivity €,
and geometric parameters (area, length, view factor) are the

engineer's design handles — choose materials and shapes
wisely.

TTUTIONS
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Temperature Difference Is the Driver

All heat transfer is driven by a temperature gradient. The
greater the AT, the higher the heat transfer rate — regardless
of the mode. This is the universal principle connecting all three
laws.

Real Systems Combine All Modes

No real engineering system uses just one mode in isolation.
Engineers must identify the dominant mode, build a thermal
resistance network, and design for efficiency, safety, and
sustainability.

Modes of Heat Transfer 20



[ MIND MAP — FULL TOPIC SUMMARY ]

Modes of Heat Transfer: Complete Mind Map

TTTION=
This mind map summarizes the entire lecture, connecting all three modes of heat transfer to their governing laws, key parameters, real-world examples, and inter- WWW,SNSEroups.com
relationships. Use it as a study guide and revision reference before exams.

CONDUCTION

Fourier's Law
(Q =-kA dT/dx)

k
Insulation examples

CONVECTION

Newton's Law
(Q = hA AT)
h
HVAC cooling towers

HEAT
TRANSFER

Stefan-Boltzmann Law
(Q = EO‘AT4) ..........
Emissivity € O]

Solar spacecraft RADIATION

— Design Thinking Recap: We Empathized (why heat transfer matters), Defined (core laws and equations), Ideated (explored all three mechanisms), Prototyped

(worked examples and comparisons), and Tested (industry applications and sustainability). This structured approach mirrors how engineers solve real thermal design
problems.

Modes of Heat Transfer 21
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Further Study & Resources

Continue building your thermal sciences foundation with these recommended resources and practice strategies for first-year Mechanical

Engineering students.

LA Textbooks " Online Resources <) Practice Suggestions

NPTEL Video Lectures — Prof. S.P. * Solve minimum 5 problems per mode

*  Fundamentals of Heat and Mass Transfer .

— Bergman, Lavine, Incropera &
DeWitt (7th Ed.)
*  Heat Transfer — J.P. Holman

« Engineering Heat Transfer — R.K. Rajput
(widely used in Indian universities)

Sukhatme (IIT Bombay) — free, in
English

MIT OpenCourseWare — 2.51
Intermediate Heat and Mass Transfer
Khan Academy — Thermodynamics
and Heat Transfer fundamentals

Modes of Heat Transfer

from Incropera Chapter 1-3

|dentify heat transfer modes in 3
household appliances this week
Sketch and label a thermal resistance
network for a composite wall from
memory

22
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