
NEAR EAST UNIVERSITY

~·

/
(
\

'·

FACULTY OF ENGINEERING
MECHANICAL ENGINEERING DEPARTMENT

ME 400 GRADUATION PROJECT

FORCE CONVECTION HEAT TRANSFER
CORRELATIONS FOR IN TUBE, SINGLE

CYLINDER, SINGLE SPHERE, TUBE
BUNDLES

STUDENT: Özgür İNGÜN (950362)

SUPERVISOR : Assist. Prof. Dr. Güner ÖZMEN

NICOSIA 2002



TABLE OF CONTENTS

CHAPTER!

INTRODUCTION TO HEAT TRANSFER

1. Introduction 1

1. 1 What and how is Heat Transfer. 1

1. 1. 1 Application Areas of Heat Transfer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1 . 2 Heat transfer mechanisms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1 .2. 1 Conduction 3

1 .2.2 Convection 4

1.2.3 Radiation 6

1. 3 Thermal Conductivity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 O

1 . 4 Thermal Diffusivity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1. 5 Thermal insulation 13

1 . 5. 1 Reasons for Insulating. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1 . 5. 2 Superinsulators. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

SUMMARY 20

CHAPTER2

CONDUCTION

2. Introduction 22

2. 1 Steady heat conduction in plane walls 22

2. 1. 1 The Thermal Resistance Concept 25

2.1.2 Thermal Resistance Network 28

2. 1. 3 Generalized thermal resistance networks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 1

SUMMARY. 34,-



CHAPTER3

NATURAL CONVECTION

3 . Introduction 3 5

3. 1 Physical mechanism of natural convection 35

3. 1 Natural convection over surfaces 42

3.2 Natural convection from finned surfaces 45

3.3 Combined natural and forced convection 48

SUMMARY 51

CHAPTER4

RADIATION

4. Introduction 52

4. 1 Thermal radiation 52

4.2 Blackbody radiation 54

4. 3 Radiation properties 5 5

SUMMARY 57

CHAPTERS

FORCED CONVECTION HEAT TRANSFER FOR FLOW IN PIPES, SINGLE

CYLINDER, SINGLE SPHERE, TUBE BUNDLES

5. Introduction 58

5. 1 Physical mechanism of forced convection 58

5.2 Flow in tubes 66

5.3. The Cylinder In Cross Flow 74

5. 3. 1 Flow Considerations 74

5.4. The Sphere In Cross Flow 79



5. 5. Flow Across Bank of Tubes (Tube Bundles) 79

SUMMARY - 87

CONCLUSION 90

REFERENCES 95



ACKNOWLEDGEMENT

First of all, I am very thankful to my Head of Department Prof. Dr. Kaşif ONARAN

who made my dreams come true by giving me this project. It was really an honour and

challengefor me.

I am also very thankful to my supervisor Assist. Prof Dr. Güner ÖZMEN who was

generous with her help at every stage in preparation of this project.

Special thanks to Near East University education staff, especially to Mechanical

Engineering staff for concern of me.

Also my heartly gratitude goes to my friends Cem IŞIK, Özer İNGÜN, Erhan

SELÇUK, H. Gökhan CİHAN, Orçun BECAN, Hikmet PARAK for their help and

suggestion during preparation of my project.

Finally, I want to thank to my parents for their sucrificed, supported and encouraged me

during my education. Without their endless support and love for me, I would have never

achieved my current position.



ABSTRACT

Convection is classified as natural (or free) or forced convection, depending on how the

fluid motion is initiated. In forced convection, the fluid is forced to flow over a surface

or in a tube by external means such as a pump or a fan.

The aim of this project is to examine both external and internal forced convection

correlations for flow in tube, single cylinder, single sphere and tube bundles. We

continue with the discussion of the dimensionless Reynolds, Prandtl, and Nusselt

numbers and their physical signifinance. We then present emprical relations for flow

over various geometries such as a tube, cylinder and sphere for both laminar and

turbulent flow conditions.

Chapter 1 gives a brief introduction of what and how is heat transfer and the three

modes of heat transfer which are conduction, convection and radiation. Chapter 2

explains the calculations for heat conduction in plane walls by using thermal resistance

concept and network. Chapter 3 explains physical mechanism of natural convection,

natural convection over surfaces, from finned surfaces and combined natural and forced

convection. Chapter 4 explains the thermal radiation, Blackbody radiation, radiation

properties and radiation is calculated by using equation Qrad = &uA{r/ ~ T~rr). Chapter

5 explains the following subjects; physical mechanism of forced convection, laminar

and turbulent flows, Reynolds number, flow in tubes, constant heat flux, laminar and

turbulent flows in tubes, the cylinder in cross flow, the sphere in cross flow and flow

across bank of tubes (tube bundles). These subjects are explained by using formulas,

figures, diagrams and tables.
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CHAPTER!

INTRODUCTION TO HEAT TRANSFER '
1.Introduction

1.1What and How is Heat Transfer?

The definitionprovides sufficientresponse to the question:

What is heat transfer?

Heat transfer (or heat) is energy in transit due to a temperature difference.

Whenever there exists a temperature difference in a medium or between media, heat

transfer must occur.

As shown in Figure 1, we refer to different types of heat transfer processes as modes.

When a temperature gradient exists in a stationary medium, which may be a solid or a

fluid, we use the term conduction to refer to the heat transfer that will occur across the

medium. In contrast, the term convection refers to heat transfer that will occur between

a surface and a moving fluid when they are at different temperatures. The third mode of

heat transfer is termed thermal radiation. All surfaces of finite temperature emit energy

in the form of electromagnetic waves. Hence, in the absence of an intervening medium,

there is net heat transfer by radiation between two surfaces at different temperatures. As

engineers it is important that we understand the physical mechanisms which underlie the

heat transfer modes and that we be able to use the rate equations that quantify the

amount of energy being transferred per unit time.

Cı;ırıouction througn a solid
or a stationary fluid

Convec1ion from a surface
ta a moving fluid

Net radiation neat exchange
between two surfaces

ı-- r.....;,.

Moving Huld, T~

- ffi)_

Figure 1 Conduction, convection, and radiation heat transfer modes.
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1.1.1 Application Areas of Heat Transfer

Heat transfer is commonly encountered in engineering systems and other aspects of life,

and one does not need to go very far to see some application areas of heat transfer. In

fact, one does not need to go anywhere. The human body is constantly rejecting heat to

its surroundings, and human comfort is closely tied to the rate of this heat rejection. We

try to control this heat transfer rate by adjusting our clothing to the environmental

conditions.

Many ordinary household appliances are designed, in whole or in part, by using the

principles of heat transfer. Some examples include the electric or gas range, the heating

and air-conditioning system, the refrigerator and freezer, the water heater, the iron, and

even the computer, the TV, and the VCR. Of course, energy-efficient homes are

designed on the basis of minimizingheat loss in winter and heat gain in summer. Heat

transfer plays a major role in the design of many other devices, such as car radiators,

solar collectors, various components of power plants, and even spacecraft. The optimal

insulation thickness in the walls and roofs of the houses, on hot water or steam pipes, or

on water heaters is again determined on the basis of a heat transfer ana1ysis with

economic consideration (Fig. 1.1).

The human body
Alr-corıdiüonina

s~·sh.:ms.
Circuu hmmfı,;

waıer ın

Cır rnJiator., Pn\VCT planls Kefriıerntimı systems

Figure 1.1 Some application areas of heat transfer.
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1.2 Heat Transfer Mechanisms

Heat can be transferred in three different ways: conduction, convection, and radiation.

All modes of heat transfer require the existence of a temperature difference, and all

modes of heat transfer are from the high temperature medium to a lower temperature

one.

1.2.1 Conduction

Conduction is the transfer of energy from the more energetic particles of a substance to

the adjacent less energetic ones as a result of interactions between the particles.

Conduction can take place in solids, liquids, or gases. In gases and liquids, conduction

is due to the collisions and diffusion of the molecules during their random motion. In

solids, it is due to the combination of vibrations of the molecules in a lattice and the

energy transport by free electrons. A cold canned drink in a warm room, for example,

eventually warms up to the room temperature as a result of heat transfer from the room

to the drink through the aluminumcan by conduction.

The rate of heat conduction through a medium depends on the geometry of the medium,

its thickness, and the material of the medium, as well as the temperature difference

across the medium. We know that wrapping a hot water tank with glass wool (an

insulating material) reduces the rate of heat loss from the tank. The thicker the

insulation, the smaller the heat loss. We also know that a hot water tank will lose heat at

a higher rate when the temperature of the room housing the tank is lowered. Further, the

larger the tank, the larger the surface area and thus the rate of heat loss.

Consider steady heat conduction through a large plane wall of thickness Ax = L and

surface area A, as shown in Figure 1.2.1. The temperature difference across the wall is

"1T = T 2 - T 1. Experiments have shown that the rate of heat transfer Q through the wall

is doubled when the temperature difference "1T across the wall or the area A normal to

the direction of heat transfer is doubled, but is halved when the wall thickness L is

doubled. Thus we conclude that the rate of heat conduction through a plane layer is

proportional to the temperature difference across the layer and the heat transfer area,

but is inversely proportional to the thickness of the layer. That is,

3



Rate of heat conduction a (AreaXTemperaturedifference)
Thickness

or,

!ıT
Qcond = kA- (W)

. Llx

Llx and area A

Figure 1.2.1 Heat conduction through a large plane wall of thickness A

ı+ ~ ax -----t

Where the constant of proportionality k is the thermal conductivity of the material,

which is a measure of the ability of a material to conduct heat (Fig. 1.2.2).

~,;,~- :

c; ~j ı ! ! ! \\ ,.,· ı

I
., I Ill -ı

-:::, { ·.. ı;:·!l.,.:\ ı./._ = \ı )! \\ .:'ı ,-, I ı (lıı Sili~oıı lk = 148 W/ın Tı

Figurel.2.2 The rate of heat conduction through a solid is directly proportional to its

thermal conductivity.

1.2.2 Convection

Convection is the mode of energy transfer between a solid surface and the adjacent

liquid or gas that is in motion, and it involves the combined effects of conduction and

fluid motion. The faster the fluid motion, the greater the convection heat transfer. In the

absence of any bulk fluid motion, heat transfer between a solid surface and the adjacent

fluid is by pure conduction. The presence of bulk motion of the fluid enhances the heat

transfer between the solid surface and the fluid, but it also complicates the

determination of heat transfer rates.
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Consider the cooling of a hot block by blowing cool air over its top surface (Fig. 1.2.6).

Energy is first transferred to the air layer adjacent to the block by conduction. This

energy is then carried away from the surface by convection; that is, by the combined

effects of conduction within the air that is due to random motion of air molecules and

the bulk or macroscopic motion of the air that removes the heated air near the surface

and replaces it by the cooler air

Vdo<:iıy
variarum

ııtair
--·•"•Y

Aır
tlnw

•T ı=1 ··· r~mr,·r:ııurı:
I·· ·• , · venation

of air

1-lnı Blı,d.

Figure 1.2.6 Heat transfer from a hot surface to air by convection.

Convection is called forced convection if the fluid is forced to flow over the surface by

external means such as a fan, pump, or the wind. In contrast, convection is called

natural (or free) convection if the fluid motion is caused by buoyancy forces that are

induced by density differences due to the variation of temperature in the fluid (Fig.

1.2.7). For example, in the absence of a fan, heat transfer from the surface of the hot

block in Figure 1.2.6 will be by natural convection since any motion in the air in this

case will be due to the rise of the warmer (and thus lighter) air near the surface and the

fall of the cooler (and thus heavier) air to till its place. Heat transfer between the block

and the surrounding air will be by conduction if the temperature differencebetween the

air and the block is not large enough to overcome the resistance of air to movement and

thus to initiate natural convection currents.

Forced
convecrion

N,ıhirnl
._-ı uıvecılon

Air
Air

Figure 1.2.7 The cooling of a boiled egg by forced and natural convection.
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Heat transfer processes that involve change ofphase of a fluid are also considered to be

convection because of the fluid motion induced during the process, such as the rise of

the vapor bubbles during boiling or the fall of the liquid droplets during condensation.

Despite the complexity of convection, the rate of convection heat transfer is observed to

be proportional to the temperature difference, and is conveniently expressed by

Newton's law of cooling as

Qcanvection = hA(Ts - r'°) (W)

where his the convection heat transfer coefficient in W/m2. "c or

Btu/h . ft2 .° F, A is the surface area through which convection heat transfer

takes place, Ts is the surface temperature, and T oo is the temperature of the fluid

sufficientlyfar from the surface. Note that at the surface, the fluid temperature equals

the surface temperature of the solid.

The convection heat transfer coefficient h is not a property of the fluid. It is an

experimentally determined parameter whose value depends on all the variables

influencing convection such as the surface geometry, the nature of fluid motion, the

properties of the fluid, and the bulk fluidvelocity.

1.2.3 Radiation
Radiation is the energy emitted by matter in the form of electromagnetic waves (or

photons) as a result of the changes in the electronic configurations of the atoms or

molecules. Unlike conduction and convection, the transfer of energy by radiation does

not require the presence of an intervening medium. In fact, energy transfer by radiation

is fastest (at the speed of light) and it suffers no attenuation in a vacuum. This is exactly

how the energy of the sun reaches the earth.

In heat transfer studies we are interested in thermal radiation, which is the form of

radiation emitted by bodies because of their temperature. It differs from other forms of

electromagnetic radiation such as x-rays, gamma rays, microwaves, radio waves, and

television waves that are not related to temperature. All bodies at a temperature above

absolute zero emit thermal radiation.
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Radiation is a volumetric phenomenon, and all solids, liquids, and gases emit, absorb, or

transmit radiation to varying degrees. However, radiation is usually considered to be a

surface phenomenon for solids that are opaque to thermal radiation such as metals,

wood, and rocks since the radiation emitted by the interior regions of such material can

never reach the surface, and the radiation incident on such bodies is usually absorbed

within a few microns from the surface.

The maximum rate of radiation that can be emitted from a surface at an absolute

temperature Ts (in Kor R) is given by the Stefan-Boltzmann law as

Qemit,max = crAT/ (Yv)

where c = 5.67 X 10·8 W/m2. K4 or O. 1714 X 10·8 Btu/h.ft2.R4 is the

Stefan-Boltzmann constant. The idealized surface that emits radiation at this maximum

rate is called a blackbody, and the radiation emitted by a blackbody is called blackbody

radiation (Fig. 1 .2.3). The radiation emitted by all real surfaces is less than the radiation

emitted by a blackbody at the same temperature, and is expressed as

Q.miı = scrAT/ (W)

Figure 1.2.3 Blackbody radiation represents the maximum amount of radiation that can

be emittedfrom a surface at a specified temperature.

where e is the emissivity of the surface. The property emissivity,whose value is in the

range Os es 1, is a measure of how closely a surface approximates

a blackbody for which e = 1. The emissivitiesof some surfaces are given in Table 1 .1.

7
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Material Emissivity
Aluminum foil 0.07
Anodized aluminum 0.82
Polished copper 0.03
Polished gold 0.03
Polished silver 0.02
Polished stainless steel 0.17
Black paint 0.98
White paint 0.90
White paper 0.92--0.97
Asphalt pavement 0.85--0.93
Red brick 0.93--0.96
Human skin 0.95
Wood 0.82-0.92
Soil 0.93-0.96
Water 0.96
Vegetation 0.92--0.96

Table 1.1 Emissivitiesof some materials at 300 K

Another important radiation property of a surface is its absorptivity a , which is the

fraction of the radiation energy incident on a surface that is absorbed by the surface.

Like emissivity, its value is in the range O < a s 1. A blackbody absorbs the entire

radiation incident on it. That is, a blackbody is a perfect absorber (a = 1) as it is a

perfect emitter.

In general, both e and a of a surface depend on the temperature and the wavelength of

the radiation. Kirchhoff's law of radiation states that the emissivityand the absorptivity

of a surface are equal at the same temperature and wavelength. In most practical

applications, the dependence of e and a on the temperature and wavelength is ignored,

and the average absorptivity of a surface is taken to be equal to its average emissivity.

The rate at which a surface absorbs radiation is determined from (Fig. 1.2.4).

Q,rıı.·;dcnı

Figure 1.2.4 The absorption of radiation incident on an opaque surface of absorptivity a

Qah,o,bed = aQincidenı (W)
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where Qincidenı is the rate at which radiation is incident on the surface and a is the

absorptivity of the surface. For opaque (nontransparent) surfaces, the portion of incident

radiation not absorbed by the surface is reflected back.

The difference between the rates of radiation emitted by the surface and the radiation

absorbed is the net radiation heat transfer. If the rate of radiation absorption is greater

than the rate of radiation emission, the surface is said to be gaining energy by radiation.

Otherwise, the surface is said to be losing energy by radiation. In general, the

determination of the net rate of heat transfer by radiation between two surfaces is a

complicated matter since it depends on the properties of the surfaces, their orientation

relative to each other, and the interaction of the medium between the surfaces with

radiation.

When a surface of emissivity 8 and surface area A at an absolute temperature Ts is

completely enclosed by a much larger (or black) surface at absolute temperature Tsurr

separated by a gas (such as air) that does not intervene with radiation, the net rate of

radiation heat transfer between these two surfaces is given by (Fig. 1.2.5)

.S urn ,mıdinıı.
.- surfaces uı

J surr

Figure 1.2.5 Radiation heat transfer between a surface and the surfaces surrounding it.

Qrad = so-A(r/ - Ts~rr) (W)

In this special cage, the emissivity and the surface area of the surrounding surface do

not have any effect on the net radiation heat transfer.
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1.3 Thermal Conductivity

Different materials store heat differently, and the property specific heat Cp as a measure

of a material's ability to store heat. For example, Cp = 4. 18 kJ/kg. "c for water and Cp

= 0.45 kJ/kg. 0c for iron at room temperature, which indicates that water can store

almost 1 O times the energy that iron can per unit mass. Likewise, the thermal

conductivity k is a measure of a material's ability to conduct heat. For example, k =

0.608 W/m. 0c for water and k = 80.2 W/m. "c for iron at room temperature, which

indicates that iron conducts heat more than 100 times faster than water can. Thus we say

that water is a poor heat conductor relative to iron, although water is an excellent

mediumto store heat.

!ıT· Q -kA-Equatıon cana. - !ıx (Yv) for the rate of conduction heat transfer under steady

conditions can also be viewed as the defining equation for thermal conductivity. Thus

the thermal conductivity of a material can be defined as the rate of heat transfer

through a unit thickness of the material per unit area per unit temperature difference.

The thermal conductivity of a material is a measure of how fast heat will flow in that

material. A large value for thermal conductivity indicates that the material is a good

heat conductor, and a low value indicates that the material is a poor heat conductor or

insulator. The thermal conductivities of some common materials at room temperature

are given in Table 1 .2. The thermal conductivity of pure copper at room temperature is

k = 401 W/m .°C, which indicates that a l-m-thick copper wall will conduct heat at a

rate of 401 W per m2 area per 0c temperature difference across the wall. Note that

materials such as copper and silver that are good electric conductors are also good heat

conductors, and have high values of thermal conductivity. Materials such as rubber,

wood, and Styrofoam are poor conductors of heat and have low conductivityvalues.

10



Material k,W/m·°C• 
Diamond 2300
Silver 429
Copper 401
Gold 317
Aluminum 237
Iron 80.2
Mercury (I) 8.54
Glass 0.78
Brick 0.72
Water (I) 0.613
Human skin 0.37
Wood (oak) 0.17
Helium (g) 0.152
Soft rubber 0.13
Refrigerant-12 0.072
Glass fiber 0.043
Air (g) 0.026
Urethane, rigid foam 0.026

Table 1.2 The thermal conductivities of some materials at room temperature.

A layer of material of known thickness and area can be heated from one side by an

electric resistance heater of known output. If the outer surfaces of the heater are well

insulated, all the heat generated by the resistance heater will be transferred through the

material whose conductivity is to be determined. Then measuring the two surface

temperatures of the material when steady heat transfer is reached and substituting them

into Equation «: = kA : (W) together with other known quantities give the

thermal conductivity (Fig. 1.3).
Electric
henrer

S~•mple
.•.-·-- n:ıa£erial

L .
k = ıHT - T-,t Q

1 -

Figure 1.3 A simpleexperimental setup to determine the thermal conductivity of a
material.
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1.4 Thermal Diffusivity

The product {12p, which is frequently encountered in heat transfer analysis, is called the

heat capacity of a material. Both the specific heat Cp and the heat capacity {12p represent

the heat storage capability of a material. But Cp expresses it per unit mass whereas {12p

expresses it per unit volume, as can be noticed from their units J/kg .0c and J/m3 "c,
respectively.

Another material property that appears in the transient heat conduction analysis is the

thermal diffusivity, which represents how fast heat diffuses through a material and is

defined as

a= Heat conducted= _k_ (m2/s)
Heat stored {12 P

Note that the thermal conductivity k represents how well a material conducts heat, and

the heat capacity {12p represents how much energy a material stores per unit volume.

Therefore, the thermal diffusivity of a material can be viewed as the ratio of the heat

conducted through the material to the heat stored per unit volume. A material that has a

high thermal conductivity or a low heat capacity will obviously have a large thermal

diffusivity. The larger the thermal diffusivity, the faster the propagation of heat into the

medium. A small value of thermal diffusivity means that the material mostly absorbs

heat and a small amount of heat will be conducted further.

The thermal diffusivities of some common materials at 20°C are given in Table 1. 3.
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