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BACKGROUND

eal and mass transfer is a basic science that deals with tie rate of
transfer of thermal energy. It has a broad application area ranging from
biological systems to common houschold appliances, residential and
commercial buildings, industrial processes, electronic devices, and food pro-
cessing. Students are assumed 1o have an adequate background in caleulus and
physics. The completion of first courses in thermodynamies, fluid mechanies.
and differential equations prior 1o taking heat transfer is desirable, However,
elevant concepls from these opics are introduced and reviewed as needed.

This book is intended for undergraduate engineering students in their sopho-
more or junior vear, and as a reference book by practicing engineers. The ob-
jectives of this text are
* To cover the basic principles of heat transfer.
+ To present a wealth of real-world engineering examples to give students
a feel for how heat transfer is applied in enginecring practice.
» To develop an intuitive understanding of heat transfer by emphasizing
the physics and physical arguments, '

It 1s our hope that this book, through its careful explanations of concepts and
its use of numerous practical examples and figares, helps the students develop
the necessary skills o bridge the gap belween knowledge and the confidence
for proper application of that knowledge.

Inengineering practice. an understanding of the mechanisms of heat transfer is
becoming increasingly impontant since heat transfer plays a crucial role in the de-
sign of vehicles, power plants, refrigerators, electronic devices, buildings. and
bridzes, among other things. Even a chef needs 10 have an intuitive understanding
of the heat transfer mechanism in order to cook the food “right” by adjusting the
rate of heat transfer. We may not be aware of it, but we already use the principles
of heat transfer when seeking thermal comfort. We insulate our bodies by putting
on heavy coats in winter, and we minimize heal gain by radiation by staying in
shady places in summer. We speed up the cooling of hot food by blowing on it and
keep warm in cold weather by cuddling up and thus minimizing the exposed sur-
face area. That is, we already use heat transfer whether we realize it or not.

GENERAL APPROACH

This text is the outcome of an attempt Lo have a textbook for a practically
oriented heat transfer course for engineering students. The text covers the
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= Communicates directly to the minds of tomotrow’s engineers in a sin-
ple yet precise manner.

* Leads students toward a clear understanding and firm grasp of the basic
principles of heat transfer.

+ Encourages creative thinking and development of a deeper understand-
ing and iniitive feel for heat transfer.

* s read by students with interest and enthusiasm rather than being used
as an aid 1o solve problems.

Special effort has been made to appeal to students’ natural curiosity and 1o
help them expiore the various facets of the exciting subject area of heat trans-
fer. The enthusiastic response we received from the users of prior editions—
from small colleges to large universities all over the world—indicaes that our
objectives have largely been achieved. It is our philosophy that the best way to
learn is by practice. Therefore. special cffort 1y made throughout the book to
reinforce material that was presented earlier.

Yesterday s enginecr spent a major portion of his or her time substituting val-
ues into the formulas and obtaining numerical results. However, now formula
manipulations and number crunching are being left mainly to the computers.
Tomorrow’s engincer will have to have a clear understanding and a firmy grasp
ol the buxic principles so that he or she can understand even the most complex
problems, formulate them, and interpret the results. A conscious effort is made
to emphasize these basic principles while also providing students with a per-
spective at how compultational tools are used in engineering practice,

NEW IN THIS EDITION

All the popular features of the previous edition are retained while new ones
are added. With the exception of the coverage of the theoretical foundations of
transient heat conduction and moving the chapler “Cooling of Electronic
Equipment™ 1o the Online Learing Center. the main body of the text remains
largely unchanged. The most significant changes in this edition are high-
lighted below.

A NEW TITLE

The utle of the book is changed o Hear and Mass Transfer: A Practical
Approeaeh W alract atlention to the coverage of mass transfer. All topics related
to mass transfer, including muass conveclion and vapor migration through build-
ing matcrials, are introduced in one comprehensive chapter (Chapter 14).

EXPANDED COVERAGE OF TRANSIENT CONDUCTION

The coverage of Chapter 4. Transient Heat Conduction. is now expanded to in-
clude (1) the derivation of the dimensionless Biol and Fourler numbers by
nondimensionalizing the heat conduction equation and the boundary and initial



conditions, (2) the derivation of the analytical solutions of a4 one-dimensional
transient conduction equation using the method of separation of variables.
(3) the dertvation of the solution of a transient conduction equation in the semi-
infinite medium using a similarity variable, and (4) the solutions of transient
heat conduction in semi-infinite mediums for difterent boundary conditions
such as specified heat flux and energy pulse ai the surface,

FUNDAMENTALS OF ENGINEERING (FE) EXAM PROBLEMS

To prepare students for the Fundamentals of Engineering Exam (that is be-
coming more important for the outcome-based ABET 2000 criteria) and to fa-
cilitate multiple-choice tests. about 250 wndltiple-choice proiems are included
in the end-of-chapter problem sets, They are placed under the title “Funda-
mentals of Engineering (FE) Exam Problems” for easy recognition. These
problems are intended 1o check the understanding of fundamentals and to help
readers avoid cominon pitfalls,

MICROSCALE HEAT TRANSFER

Recent inventions in micro and nano-scale svstems and the development of
micro and nano-scale devices continues 10 pose new challenges, and the un-
derstanding of the fluid flow and heat transfer at such scales is becoming more
and more important. In Chapter 6. microscale heat transter is presented as a
Topic of Special Interest.

THREE ONLINE APPLICATION CHAPTERS

The application chapter "Cooling of Electronic Equipment” {(Chapter 13) is
now moved to the Online Learning Center together with two new chapters
"Healing and Cooling of Buildings™ (Chapter 16) and “Refrigeration and
Freezing ot Foods™ (Chapter 17).

CONTENT CHANGES AND REORGANIZATION

With the exception of the changes already mentioned, minor changes are made

in the main body of the text. Nearly 400 new problems are added, and many of

the existing problems are revised. The noteworthy changes in various chapters
are sunimarized here for those who are familiar with the previous edition.

* The title of Chapter | is changed 10 “Intreduction and Basic Concepts.”
Some artwork 1s replaced by photos, and several review problems on the
first law of thermodynamics are deleted.

¢ Chapter 4 “Transient Heat Conduction™ 1s revised greatly, as explained
previously, by including the theoretical background and the mathemati-
cal details of the analvtical solutions.

+ Chapter 6 now has the Topic of Special Interest “Microscale Heat Trans-
fer” contributed by Dr. Subrata Roy of Kettering University,

» Chapter 8 now has the Topic of Special Interest "Transitional Flow in
Tubes™ contribuied by Dr. Afshin Ghajar of Oklahoma State Universily.

* Chapter 13 "Heat Exchangers™ is moved up as Chapter 11 1o succeed
"Boiling and Condensation™ and to precede "Radiation.”

* In the appendices. the valaes of some physical constants are updated.
and Appendix 3 "Introduction to EES™ is moved to the enclosed CD and
the Online Learning Center.

i
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SUPPLEMENTS

The following supplements are available to the adopters of the book.

ENGINEERING EQUATION SOLVER (EES) CD-ROM

(Limited Academic Version packaged free with every new copy of the text)
Developed by Sanford Klein and William Beckman from the University of
Wisconsin—Madison, this software combines equation-solving capability and
engineering property data. EES can do oplimization, parametric analysis, and
imear and nonlinear regression, and provides publication-quality plouting ca-
pabilities. Thermodynamic and transport properties for air. water, and many
other fluids are built in, and EES allows the user to enter property data or func-
tional relationships. Some problems are solved using EES. and complete
solutions together with parametric studies are included on the enclosced
CD-ROM. To obtain the full version of EES, contact yvour McGraw-Hill
representative or visit wivwimfthe.conv/ees.

ONLINE LEARNING CENTER (www.mhhe.com/cengel)

Web support is provided for the text on our Online Learning Center. Visit this
web site for general text intormation. errata, and author information. The site
also includes resources for students including a list of helpful web links. The
wstructor side of the site includes the solutions manual, the text’s images in
PowerPoint form. and more!

COSMOS CD-ROM

(Available 10 instructors only)

The instructor CD provides electronic solutions delivered via our datahase
management tool. McGraw-Hill's COSMOS (Complele Online Solutions
Manual Organization System) allows instruclors to streamlineg the creation of
assignments, quizzes, and tests by using problems and solutions {rom the texi-
book—us well as their own custom material, Contact vour McGraw-Hill rep-
resentative 1o obain a copy.
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INTERNAL FORCED
CONVECTION

iquid or gas flow through pipes or ducts is commonly used in heating and
Lcooling applications. The fluid in such applications is forced to flow by a

fan or pump through a flow section that is sufficiently long to accomplish
the desired heat transfer. In this chapter we pay particular attention to the de-
termination of the friction factor and convection coefficient since they are di-
rectly related to the pressure drop and heat transfer rate, respectively. These
quantities are then used to determine the pumping power requirement and the
required tube length.

There is a fundamental difference between external and internal flows. In
external flow, considered in Chapter 7, the fluid has a free surface, and thus
the boundary layer over the surface is free to grow indefinitely. In internal
flow, however, the fluid is completely confined by the inner surfaces of the
tube, and thus there is a limit on how much the boundary layer can grow.

We start this chapter with a general physical description of internal flow,
and the average velocity and average temperature. We continue with the dis-
cussion of the hydrodynamic and thermal entry lengths, developing flow, and
fully developed flow. We then obtain the velocity and temperature profiles for
fully developed laminar flow, and develop relations for the friction factor and
Nusselt number. Finally we present empirical relations for developing
and fully developed flows, and demonstrate their use.

OBJECTIVES
When you finish studying this chapter, you should be able to:

[ ] Obtain average velocity from a knowledge of velocity profile, and average temperature
from a knowledge of temperature profile in internal flow,

[ ] Have a visual understanding of different flow regions in internal flow, such as the en-
try and the fully developed flow regions, and calculate hydrodynamic and thermal entry
lengths,

m  Analyze heating and cooling of a fluid flowing in a tube under constant surface tem-
perature and constant surface heat flux conditions, and work with the logarithmic
mean temperature difference,

[ ] Obtain analytic relations for the velocity profile, pressure drop, friction factor, and Nus-
selt number in fully developed laminar flow, and

[ ] Determine the friction factor and Nusselt number in fully developed turbulent flow us-
ing empirical relations, and calculate the pressure drop and heat transfer rate.

o
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Then the logarithmic mean temperature difference and the rate of heat loss
from the air become

I,—-T, 80 —713 _ R
TS—Te_ln60—71.3_ IS2HE
T =T, 60 — 80

AT, =

1
0 = hA, AT, = (13.5 W/m? - °C)(6.4 m?)(—15.2°C) = —1313 W

Therefore, air will lose heat at a rate of 1313 W as it flows through the duct in
the attic.

Discussion The average fluid temperature is (80 + 71.3)/2 = 75.7°C, which
is sufficiently close to 80°C at which we evaluated the properties of air. There-
fore, it is not necessary to re-evaluate the properties at this temperature and to
repeat the calculations.

TOPIC OF SPECIAL INTEREST

Transitional Flow in Tubes*

An important design problem in industrial heat exchangers arises when
flow inside the tubes falls into the transition region. In practical engineer-
ing design, the usual recommendation is to avoid design and operation in
this region; however, this is not always feasible under design constraints.
The usually cited transitional Reynolds number range of about 2300 (onset
of turbulence) to 10,000 (fully turbulent condition) applies, strictly speak-
ing, to a very steady and uniform entry flow with a rounded entrance. If the
A flow has a disturbed entrance typical of heat exchangers, in which there is
o metsection a sudden contraction and possibly even a re-entrant entrance, the transi-
Test ]} ] tional Reynolds number range will be much different.
section Flow Ghajar and coworkers in a series of papers (listed in the references) have
«——iB Flow . 9 o 9 9 q
W e 1.93cm Sgirtr:ér;g experimentally investigated the inlet configuration effects on the fully de-
veloped transitional pressure drop under isothermal and heating conditions;
Re-entrant and developing and fully developed transitional forced and mixed con-
vection heat transfer in circular tubes. Based on their experimental data,
they have developed practical and easy to use correlations for the friction
coefficient and the Nusselt number in the transition region between laminar
and turbulent flows. This section provides a brief summary of their work in
the transition region.

RN

«—r— Flow

RN
1

Squared -edged

i Pressure Drop in the Transition Region

T
— '!II Flow : - Pressure drops are measured in circular tubes for fully developed flows in
R the transition regime for three types of inlet configurations shown in
S L] Fig. 8-32: re-entrant (tube extends beyond tubesheet face into head of
FIGURE 8-32
Schematic of the three differernt inlet *This section is contributed by Professor Afshin J. Ghajar of Oklahoma State University.
configurations.

o
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CHAPTER 8

distributor), square-edged (tube end is flush with tubesheet face), and bell-
mouth (a tapered entrance of tube from tubesheet face) under isothermal
and heating conditions, respectively. The widely used expressions for the
friction factor f (also called the Darcy friction factor) or the friction coeffi-
cient C; (also called the Fanning friction factor) in laminar and turbulent
flows with heating are

16\ (1)

e = A = 4(@) (;) (8-79)
0.0791\ /1, \"

ﬁurb = 4Cf, turb — 4 ReoAzs E (8-80)

where the factors at the end account for the wall temperature effect on
viscosity. The exponent m for laminar flows depends on a number of
factors while for turbulent flows the most typically quoted value for heat-
ing is —0.25. The transition friction factor is given as (Tam and Ghajar,

1997)
RC BlC W m
s = G s = 4[1 + (X) } <E (8-81)

m = m; — m, Gr's Pr'"s (8-82)

where

and the Grashof number (Gr) which is a dimensionless number represent-
ing the ratio of the buoyancy force to the viscous force is defined as
Gr = gBDX(T, — T,)/v* (see Chapter 9 for more details). All properties ap-
pearing in the dimensionless numbers Cj; f, Re, Pr, and Gr are all evaluated
at the bulk fluid temperature 7). The values of the empirical constants
in Egs. 8-81 and 8-82 are listed in Table 8-5. The range of application of
Eq. 8-81 for the transition friction factor is as follows:

Re-entrant: 2700 = Re = 5500, 16 = Pr = 35, 7410 = Gr = 158,300,
1.13 = puy/p, = 2.13

Square-edged: 3500 = Re = 6900, 12 = Pr = 29, 6800 = Gr 104,500,
L1 = puy/pu, = 1.89

Bell-mouth: 5900 = Re = 9600, 8 = Pr = 15, 11,900 = Gr = 353,000,
1.05 = p/u, = 1.47

TABLE 8-5

Constants for transition friction coefficient correlation

Inlet Geometry A B C m, m, ms my
Re-entrant 5840 -0.0145 -6.23 —-1.10 0.460 -0.133 4.10
Square-edged 4230 —-0.1600 -6.57 —-1.13 0.396 -0.160 5.10
Bell-mouth 5340 —-0.0990 -6.32 —2.58 0.420 -0.410 2.46

o
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0.02
0.016 < ©

0.012

0.008

fl4

C(.I:un: 16/Re

Cr=

0.004

3 kW/m?
O Re-entrant

O Square-edged
A Bell-mouth

Crup=0.0791 Re0> |

0.02
A 0.016

0.012

0.008

f14

- 0.004

0.002
1000

FIGURE 8-33

4000

0.02
0.016

0.012

0.008

fi4

Crun=0.0791 Re 0

8000 12000 18000

I A kS &
S Clim=16/Re S Cam=16/R 2
- B 0.004 A i
8 kW/m? 3 kW/m? 8
O Re-entrant O Re-entrant M
O Square-edged O Square-edged
A Bell-mouth A Bell-mouth
0.002 L L 0.002 L 1 L
1000 4000 8000 12000 18000 1000 4000 8000 12000 18000

Fully developed friction coeffficients for three different inlet configurations and heat fluxes (filled symbols designate the

start and end of the transition region for each inlet.
(From Tam and Ghajar, 1997.)

TABLE 8-6

These correlations captured about 82% of measured data within an error
band of £10%, and 98% of measured data with +£20%. For laminar flows
with heating, Tam and Ghajar give the following constants for determining
the exponent m in Eq. 8-79: m; = 1.65, m, = 0.013, m; = 0.170, and
my = 0.840, which is applicable over the following range of parameters:

1100 = Re = 7400, 6 = Pr = 36, 17,100 = Gr = 95,600,
and 1.25 < u,/u, < 2.40.

The fully developed friction coefficient results for the three different in-
let configurations shown in Fig. 8-33 clearly establish the influence of
heating rate on the beginning and end of the transition regions, for each in-
let configuration. In the laminar and transition regions, heating seems to
have a significant influence on the value of the friction coefficient. How-
ever, in the turbulent region, heating did not affect the magnitude of the
friction coefficient. The significant influence of heating on the values of
friction coefficient in the laminar and transition regions is directly due to
the effect of secondary flow.

The isothermal friction coefficients for the three inlet types showed that
the range of the Reynolds number values at which transition flow exists is
strongly inlet-geometry dependent. Furthermore, heating caused an in-
crease in the laminar and turbulent friction coefficients and an increase in
the lower and upper limits of the isothermal transition regime boundaries.
The friction coefficient transition Reynolds number ranges for the isother-
mal and nonisothermal (three different heating rates) and the three different
inlets used in their study are summarized in Table 8-6.

Transition Reynolds numbers for friction coefficient

Heat Flux

Re-entrant

Square-Edged

Bell-Mouth

0 kW/m? (isothermal)
3 kW/m?2

8 kW/m?

16 kW/m?

2870 < Re < 3500
3060 < Re < 3890
3350 < Re < 4960
4090 < Re < 5940

3100 < Re < 3700
3500 < Re < 4180
3860 < Re < 5200
4450 < Re < 6430

5100 < Re <6100
5930 < Re < 8730
6480 < Re <9110
7320 < Re < 9560

o
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0.02 - - -

Figure 8—34 shows the influence of inlet configuration on the beginning i

and end of the isothermal fully developed friction coefficients in the transi- Gy =0.0791 Re 0%
tion region. 0ot & 7
. . . . . . 0.008 - =
Note that the isothermal fully developed friction coefficients in the %0006 I on A
laminar, turbulent, and transition regions can be obtained easily from S Craan=16/Re A
Egs. 8-79, 8-80, and 8-81, respectively, by setting the exponent on the 0004 7 Tsothermal L4 §
viscosity ratio correction to unity (i.e. with m = 0). 0 Square-dged
Bell-mouth
0.002 L L L
1000 2000 4000 6000 18000
Re
: EXAMPLE 8-7 Nonisothermal Fully Developed Friction FIGURE 8-34
m Coefficient in the Transition Region Influence of different inlet

configurations on the isothermal fully
developed friction coefficients (filled
symbols designate the start and end of

the transition region for each inlet).
(From Tam and Ghajar, 1997.)

: A tube with a bell-mouth inlet configuration is subjected to 8 kW/m? uniform
m wall heat flux. The tube has an inside diameter of 0.0158 m and a flow rate of
B 1.32 X 10~* m3/s. The liquid flowing inside the tube is ethylene glycol-
B distilled water mixture with a mass fraction of 0.34. The properties of the
® ethylene glycol-distilled water mixture at the location of interest are Pr = 11.6,
® ., =139% 10 m¥s and wp/s = 1.14. Determine the fully developed
g friction coefficient at a location along the tube where the Grashof number
BisGr= 60,800. What would the answer be if a square-edged inlet is used
B instead?

SOLUTION A liquid mixture flowing in a tube is subjected to uniform wall
heat flux. The friction coefficients are to be determined for the bell-mouth and
square-edged inlet cases.

Assumptions Steady operating conditions exist.

Properties The properties of the ethylene giycol-distilled water mixture are
given to be Pr = 11.6, v = 1.39 X 1076 m?%s and w,/us = 1.14.

Analysis For the calculation of the nonisothermal fully developed friction
coefficient, it is necessary to determine the flow regime before making any
decision regarding which friction coefficient relation to use. The Reynolds
number at the specified location is

R (VIA)D  [(1.32 X 10™* m¥s)/(1.961 X 10~ m?)](0.0158 m)
o — -
v 1.39 X 107° m%/s

= 7651

since
A, = wD*4 = 7(0.0158m)*/4 = 1.961 X 10~ *m?

From Table 8-6, we see that for a bell-mouth inlet and a heat flux of 8 kW/m?
the flow is in the transition region. Therefore, Eq. 8-81 applies. Reading
the constants A, B, and C and m;, m,, ms, and m, from Table 8-5, the friction
coefficient is determined to be

RCBC(I-Lb)m
Creas = |1+ (=) | (&
[+ GO TG

= |:1 4L (Zg%) 70‘0991| 76‘32(1. 14) —2.58—-0.42X60,800 "' X 11.6%%¢ _ 0.010

o
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Square-Edged Inlet Case For this inlet shape, the Reynolds number of the flow
is the same as that of the bell-mouth inlet (Re = 7651). However, it is
necessary to check the type of flow regime for this particular inlet with
8 kW/m? of heating. From Table 8-6, the transition Reynolds number range for
this case is 3860 < Re < 5200, which means that the flow in this case is
turbulent and Eq. 8-80 is the appropriate equation to use. It gives

0.0791\ [ e \* 0.0791 _
Crun = (W) <E) = (7 6510_25)(1-14) 025 = 0.0082

Discussion Note that the friction factors f can be determined by multiplying
the friction coefficient values by 4.

Heat Transfer in the Transition Region

Ghajar and coworkers also experimentally investigated the inlet configura-
tion effects on heat transfer in the transition region between laminar and
turbulent flows in tubes for the same three inlet configurations shown in
Fig. 8-32. They proposed some prediction methods for this regime to
bridge between laminar methods and turbulent methods, applicable to
forced and mixed convection in the entrance and fully developed regions
for the three types of inlet configurations, which are presented next. The lo-
cal heat transfer coefficient in transition flow is obtained from the transition
Nusselt number, Nu,,,,., Which is calculated as follows at a distance x from
the entrance:

Nutrans = Nulam + {eXp[(a - RC)/b] + Nug.lrb}c (8-83)

where Nu,,, is the laminar flow Nusselt number for entrance region lami-
nar flows with natural convection effects,

R P D 1/3 0.14
Nuy,, = 1.24[( exr ) + O.OZS(GrPr)‘”S} (&> (8-84)

s

and Nu,, is the turbulent flow Nusselt number with developing flow

effects,
—0.0054 0.14
N = 0.023Re”S i3 (f) (@) (8-85)

TABLE 8-7 D s

Constants for transition heat transfer . . .. . .

correlation The physical properties appearing in the Silmen51onless numbers Nu, Re,
et G , Pr, and Gr all are evaluated at the bulk fluid temperature 7},. The values of
nlet Geometry a ¢ the empirical constants a, b, and ¢ in Eq. 8—83 depend on the inlet config-

Re-entrant 1766 276 —-0.955 uration and are given in Table 8-7. The viscosity ratio accounts for the tem-
Square-edged 2617 207 —0.950 perature effect on the process. The range of application of the heat transfer
Bell-mouth 6628 237 —0.980 method based on their database of 1290 points (441 points for re-entrant

o



cen29305_ch08.gxd 11/30/05 3:06 PM Page 487

—p—

inlet, 416 for square-edged inlet and 433 points for bell-mouth inlet) is as
follows:

3 < x/D = 192, 1700 < Re = 9100, 5 < Pr < 51,
4000 = Gr = 210,000, 1.2 = p,/u, = 2.2
3 =x/D =192, 1600 =< Re =< 10,700, 5 =< Pr < 55,
4000 = Gr = 250,000, 1.2 = p,/u, = 2.6
3 = /D = 192,3300 = Re = 11,100, 13 = Pr = 77,
6000 = Gr = 110,000, 1.2 < p, /s, = 3.1

Re-entrant:
Square-edged:

Bell-mouth:

These correlations capture about 70% of measured data within an error
band of =10%, and 97% of measured data with =20%, which is remark-
able for transition flows. The individual expressions above for Nu,,,, and
Nu,,, can be used alone for developing flows in those respective regimes.
The lower and upper limits of the heat transfer transition Reynolds number
ranges for the three different inlets are summarized in Table 8-8. The re-
sults shown in this table indicate that the re-entrant inlet configuration
causes the earliest transition from laminar flow into the transition regime
(at about 2000) while the bell-mouth entrance retards this regime change
(at about 3500). The square-edged entrance falls in between (at about
2400), which is close to the often quoted value of 2300 in most textbooks.

Figure 8-35 clearly shows the influence of inlet configuration on the be-
ginning and end of the heat transfer transition region. This figure plots the
local average peripheral heat transfer coefficients in terms of the Colburn j
factor (jy = St Pr%®7) versus local Reynolds number for all flow regimes at
the length-to-diameter ratio of 192, and St is the Stanton number, which is
also a dimensionless heat transfer coefficient (see Chapter 6 for more de-
tails), defined as St = Nu/(Re Pr). The filled symbols in Fig. 8-35 represent
the start and end of the heat transfer transition region for each inlet config-
uration. Note the large influence of natural convection superimposed on the
forced convective laminar-flow heat transfer process (Nu = 4.364 for a
fully developed laminar flow with a uniform heat-flux boundary condition
without buoyancy effects), yielding a mixed convection value of about
Nu = 14.5. Equation 8-84 includes this buoyancy effect through the
Grashof number.

In a subsequent study, Tam and Ghajar (1998) experimentally investi-
gated the behaviour of local heat transfer coefficients in the transition re-
gion for a tube with a bell-mouth inlet. This type of inlet is used in some
heat exchangers mainly to avoid the presence of eddies which are be-
lieved to be one of the causes for erosion in the tube inlet region. For the

TABLE 8-8

The lower and upper limits of the heat transfer transition Reynolds numbers

CHAPTER 8

1072 T
|© Re-entrant

| @ Square-edged

I"LY_Bell-mouth

- 1=

Sty P17 =0.023Re 02 (pa, /)14

St Pr0.67

StiumPr®7=4.364Re " 'Pr0-3
1l Lo aaul [ A

10 103 10* 10°
Re

FIGURE 8-35

Influence of different inlets on the heat
transfer transition region at x/D = 192
(filled symbols designate the start and
end of the transition region for each
inlet) between limits of Dittus—Boelter
correlation (Nu = 0.023 Re®8 Pr") for
fully developed turbulent flow (using

n = 1/3 for heating) and Nu = 4.364
for fully developed laminar flow with a
uniform heat flux boundary condition.
Note buoyancy effect on the laminar
flow data giving the much larger mixed

convection heat transfer coefficient.
(From Ghajar and Tam, 1994.)

Inlet Geometry Lower Limit

Upper Limit

Reypper = 8475 — 9.28[192 — (x/D)]

Re-entrant Rejower = 2157 — 0.65[192 — (x/D)]
Square-edged  Rejgye = 2524 — 0.82[192 — (¥D)]  Reypper = 8791 — 7.69[192 — (¥D)]
Bell-mouth Rejpwer = 3787 — 1.80[192 — (X¥D)]  Reypper =

10481 — 5.47[192 — (¥D)]
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FIGURE 8-36

Variation of local Nusselt number with
length for the re-entrant, square-
edged, and bell-mouth inlets in the

transition region.
(From Tam and Ghajar, 1998.)
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bell-mouth inlet, the variation of the local heat transfer coefficient with
length in the transition and turbulent flow regions is very unusual. For this
inlet geometry, the boundary layer along the tube wall is at first laminar and
then changes through a transition to the turbulent condition causing a dip in
the Nu versus x/D curve. In their experiments with a fixed inside diameter
of 15.84 mm, the length of the dip in the transition region was much longer
(100 < x/D < 175) than in the turbulent region (x/D < 25). The presence
of the dip in the transition region causes a significant influence in both the
local and the average heat transfer coefficients. This is particularly impor-
tant for heat transfer calculations in short tube heat exchangers with a bell-
mouth inlet. Figure 8—36 shows the variation of local Nusselt number along
the tube length in the transition region for the three inlet configurations at
comparable Reynolds numbers.

EXAMPLE 8-8 Heat Transfer in the Transition Region

Ethylene glycol-distilled water mixture with a mass fraction of 0.6 and a flow
rate of 2.6 X 107* m3/s flows inside a tube with an inside diameter of
0.0158 m subjected to uniform wall heat flux. For this flow, determine the
Nusselt number at the location x’D = 90 if the inlet configuration of the tube
is: (a) re-entrant, (b) square-edged, and (c) bell-mouth. At this location, the lo-
cal Grashof number is Gr = 51,770. The properties of ethylene glycol-distilled
water mixture at the location of interest are Pr = 29.2, v = 3.12 X 1076 m?%/s
and uyus = 1.77.

SOLUTION A liquid mixture flowing in a tube is subjected to uniform wall
heat flux. The Nusselt number at a specified location is to be determined for
three different tube inlet configurations.

Assumptions Steady operating conditions exist.

Properties The properties of the ethylene glycol-distilled water mixture are
given to be Pr = 29.2, v = 3.12 X 107 m?%s and u/us = 1.77.

Analysis For a tube with a known diameter and volume flow rate, the type of
flow regime is determined before making any decision regarding which Nusselt
number correlation to use. The Reynolds number at the specified location is

R (VADD  [(2.6 X 10~ *m%s)(1.961 X 10~ *m?)](0.0158 m)
e = -

= 6714
v 3.12 X 10~ °m%/s

since
A, = wD*4 = w(0.0158 m)%/4 = 1.961 X 10~ *m?

Therefore, the flow regime is in the transition region for all three inlet configu-
rations (thus use the information given in Table 8-8 with x/D = 90) and there-
fore Eq. 8-83 should be used with the constants a, b, ¢ found in Table 8-7.
However, Nu,,,and Nu,,, are the inputs to Eq. 8-83 and they need to be eval-
uated first from Egs. 8-84 and 8-85, respectively. It should be mentioned that
the correlations for Nuy,,, and Nu,, have no inlet dependency.
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From Eq. 8-84:

RePrD 173 0.14
Nuy,, = 1.24[( exr > + 0.025(GrPr)°'75} (“”)

1/3
= 1.24{(%) + 0.025[(51,770)(29.2)]0475} (1.77)°% = 19.9

From Eq. 8-85:

x| 700054 /) N4
Nulurb = 0.023Re"8pr0-385( = My
= g

= 0.023(6714)"%4(29.2)°35(90) = *%9%4(1.77)*1* = 102.7
Then the transition Nusselt number can be determined from Eq. 8-83,
Nutrans = Nulam + {eXP[(a - Re)/b] + Nufurb}c

Case 1: For re-entrant inlet:

Nue = 19.9 + {exp[(1766 — 6714)/276] + 102.7 %95} 7095 = 88.2
Case 2: For square-edged inlet:

Nuyans = 19.9 + {exp[(2617 — 6714)/207] + 102.7 %90} 70950 = 853
Case 3: For bell-mouth inlet:

Nty = 19.9 + {exp[(6628 — 6714)/237] + 102.7 %80} 70980 = 21,3

Discussion |t is worth mentioning that, for the re-entrant and square-edged in-
lets, the flow behaves normally. For the bell-mouth inlet, the Nusselt number
is low in comparison to the other two inlets. This is because of the unusual be-
haviour of the bell-mouth inlet noted earlier (see Fig. 8-36); i.e., the boundary
layer along the tube wall is at first laminar and then changes through a transi-
tion region to the turbulent condition.
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SUMMARY

Internal flow is characterized by the fluid being completely
confined by the inner surfaces of the tube. The mean or average
velocity and temperature for a circular tube of radius R are
expressed as

2 R
T, = m L u(r)T(r)rdr

2 (R
Ve = I L u(r)rdr and
The Reynolds number for internal flow and the hydraulic
diameter are defined as

qung Vang 4Ac
= =— and

Re m » =7

The flow in a tube is laminar for Re < 2300, turbulent for
about Re > 10,000, and transitional in between.

The length of the region from the tube inlet to the point at
which the boundary layer merges at the centerline is the hydrody-
namic entry length L,. The region beyond the entrance region in
which the velocity profile is fully developed is the hydrodynami-
cally fully developed region. The length of the region of flow over
which the thermal boundary layer develops and reaches the tube
center is the thermal entry length L, The region in which the flow
is both hydrodynamically and thermally developed is the fully de-
veloped flow region. The entry lengths are given by

Lh, laminar 0.05 Re D
Lt. laminar 0.05Re PrD = Pr Lh, laminar

Lh, turbulent =~ Lt, turbulent 10D
For ¢, = constant, the rate of heat transfer is expressed as

Q = q.sAs = mcp(Te - Tz)

For T, = constant, we have

Q = hA, ATy, = mc(T, — T)
T, =T, — (T, — T)exp(—hA,/mc,)
T,— T, AT, — AT,

ATw = {7, = TONT, = T)] ~ In(AT,/AT)

The irreversible pressure loss due to frictional effects and the
required pumping power to overcome this loss for a volume
flow rate of Vare

_ £ pvzvg .

=p and /4

AP L pump

= VAP,

For fully developed laminar flow in a circular pipe, we have:

2 2
u(r) = 2V (1 - 1%) = tnax (1 - ;;)

_ G e
pDV,, Re
. _APR* __,  wR'AP _ wR'AP
V=Vaede =00 ™R = TR0 T 1280l
. . . hD
Circular tube, laminar (¢, = constant): Nu = - 4.36
. . hD
Circular tube, laminar (T; = constant): Nu = - 3.66

For developing laminar flow in the entrance region with con-
stant surface temperature, we have

0.065(D/L) Re Pr

Nu = 3.66 +
U =366+ T 0al(DIL) Re P

Circular tube:
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