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This Lecture

| Correlations for internal forced convection
U Circular tubes (laminar and turbulent)
| Non-circular tubes

d The entrance region

Learning Objectives:
O Calculate the heat transfer coefficient for flow in pipes under different

geometrical and flow conditions



Convection Coefficient for Turhulent Flow in Gircular Tubes

Re,>2300

n = 0.4 for HEATING

hD _ _ 4/5p,.n
Rep >10000 == Nup = 0.023Re,"Pr n = 0.3 for COOLING
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Convection Coefficient for Non-circular Tubes

When dealing with non-circular tubes, we have to define a proper characteristic length.

nD? (mD)D _ PD

We observe that for a circular tube: A, = 7

where P = D = perimeter

TABLE 8.1 Nusselt numbers and friction factors for fully developed

For a non-Circular tube We thus define: laminar flow in tubes of differing cross section

. hD,
Nup = T”
b "
4_A Cross Section 2 (Uniform q;] (Uniform T)) S Rep,
D — 4 O — 436 3.66 64
h —
P a D 1.0 3.61 2.98 57
b
all ] 1.43 3.73 3.08 59
hydraulic diamet -
ydraulic diameter 0 20 412 339 62
b
M 3.0 479 3.96 69
b
a l:l 40 5.33 444 73
b
— 8.0 6.49 5.60 82
b
0 8.23 7.54 96
Heated
—_— @ 5.39 4.86 96
Insulated
AN — 3.1 249 53

Used with permission from W. M. Kays and M. E. Crawford, Convection Heat and Mass Transfer,
3rd ed. McGraw-Hill, New York, 1993.
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Learning Objectives:
{Calculate the heat transfer coefficient for flow in pipes under different
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The Entrance Region
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In the entrance region there is The temperature gradients along x cannot be
advection also in the radial direction simplified as done in the previous slides.
T‘;"_rwfr .
g 7+ 2L gy ;» Two possible cases:
! » Thermal entry length with fully developed velocity profile (Pr >> 1
T T yleng y p yp
i I dmy r « Combined thermal and flow entry length
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Example 1

Exercise 6.3

Ethylene glycol flows at 0.01kg/s through a 3mm diameter, thin-walled tube. The tube is submerged
in a well-stirred water bath maintained at 25°C'. If the fluid enters the tube at 85°C what heat transfer
rate and tube length are required for the fluid to leave at 35°C'?

Use the following properties of ethylene glycol at T, = (85 + 35)/2 = 60°C' = 333K:
o ¢, = 2562J/kgK
e ;1 =0.522-10"2Ns/m?
o k=0260W/mK
e Pr=513



Example 2

Exercise 6.5

To cool a summer home without using a vapor-compression refrigeration cycle, air is routed through
a plastic pipe (k = 0.15W/mK, D; = 0.15m, D, = 0.17m) that is submerged in an adjoining
body of water. The water temperature is nominally at T, = 17C and a convection coefficient of
ho = 1500W/m?K is maintained at the outer surface of the pipe. If air from the home enters the pipe
at a temperature of T}, ; = 29C and a volumetric flow rate of V; = 0.025m? /s, What pipe length L is
needed to provide a discharge temperature of T}, , = 21°C?
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Forced GConvection RECAP
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Introduction to Gonvection

Convection refers to the heat transfer between a solid and a fluid in motion when they are at different temperatures.
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Convection

3. Boiling
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Moist air

2. Natural (Free)
Convection

4. Condensation

15




Forced Convection

Convection refers to the heat transfer between a solid and a fluid in motion when they are at different temperatures.

Forced convection occurs when we can impose the initial velocity (or mass flow rate) and temperature of the fluid.

FLUID DYNAMICS ] [ HEAT TRANSFER

Mass conservation — Continuity equation Energy conservation — 1%t Law of Thermodynamics
Momentum conservation — Navier-Stokes equations

Flow condition (Laminar/turbulent) — Re Boundary Conditions (Heat flux/Temperature)
Pr

Heat transfer includes advection!

F‘ Velocity profile: u(x,y) iL

« Shearstress 7,, Temperature profile: T(x, y)
« Friction coefficient C¢
» Friction factor f No slip condition u(x, 0) = 0 Transport Laws (Newton/Fourier)
Qconv = Qcond,wai h(Ts — Ty) = _kfa_T
ay =0

Nu 16



Forced Convection

Forced convection occurs when we can impose the initial velocity (or mass flow rate) and temperature of the fluid.

g—

1. External Forced Convection: =L Reesen sy
I,
1 Thermal
 the velocity/thermal boundary layer can grow indefinitely VL%/Q ST N
» there exist always and “unperturbed” flow at u,, To, o 17—
1.F orcc?d —< 2. Internal Forced Convection
Convection
« the velocity/thermal boundary layer cannot grow indefinitely = :l, _l, 3
= T =0 =0
 there exist an “entrance” region and a “fully developed” region Sl — ‘
— In the fully developed region the velocity profile does not change with position Z—Z = 0, Ju,, = const
— In the fully developed region the temperature profiles are similar Z—z =0, 3T, (x)
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Dimensionless numhers & Forced Gonvection

inertia forces

viscous forces

_ momentum dif fusivity
- heat dif fusivity

N convection heat transfer
U =

~ conduction heat transfer

External Forced Convection

PUHX x = L for plate
Re, = x = D for cylinder
H Etc.
\Y &
oV _Prlos
ar  ky
o hx
Uy = —
X kf

ReD

Internal Forced Convection

:pumDh _ 4m Dh:%c:
U urtDy, hydraulic diameter

Vv C
pr = _Prps
ar kg
hD,,
NuD _
kg
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Forced Convection: Coefficient for Laminar FIow Fully developed conditions (X>X¢44)

External Forced Convection Internal Forced Convection
Laminar Flow condition _ (Ts+T.) (Ti + Ty o)
& Film properties Re, <5-10° 1= Rep <2300 Ty=Tm="——"
. - T, Free stream __s I I ﬁs
. 1= " _ 1/2p,.1/3 | -
A. Constantheatflux 1 5 o i,s Nu, = 0.435Re,*/*Pr - % Nup = 4.36
AP W
|

i T Free stream ___ (0

In sl |
- Nu, = 0.332Re, 2/2pr1/3 Ts
B. ConstantT ! % i -%/ * x T " . Nup =366
s L / K Nuw, = 0.664Re, /2pr1/3 |
|
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Forced Convection

Forced convection occurs when we can impose the initial velocity (or mass flow rate) and temperature of the fluid.

g—

1. External Forced Convection:

* Horizontal plate

»  Cross-flow around a cylinder

1. Forced e Bank of tubes

—
COI‘) vection 2. Internal Forced Convection

»  Circular pipe

»  Non-circular pipe

Flow Condition (Re)
Laminar vs Turbulent

Thermal BC

Heat Flux vs Temperature

Flow Condition (Re)

Laminar vs Turbulent

Thermal BC

Heat Flux vs Temperature
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General methodology for calculating the forced convection coefficient

0. Identify the type of convection (Forced/External, Forced/Internal, Natural, Boiling/Condensation)
1. Recognize the flow geometry (plate, cylinder, inner/outer flow etc.)

2. Specify the appropriate reference temperature and evaluate the pertinent fluid properties at that temperature 7,

* External convection over a plate/cylinder. 7, = (T + T.,)/2 Note: If the necessary temperatures are unknown, we can use T,

. External convection over a bank of tubes: 7, = (T, + T,)/2 or T;,, to estimate the fluid properties. Once we obtain T, Ty,

. Internal convection: 7, = (T, + To)/2 Tin.0 We need to check whether it was reasonable.

3.  Calculate the Reynolds number (be careful to use the right characteristic dimension - x, L, D — and velocity - u,,, u.,) and
determine the flow conditions (laminar/turbulent) [FLOW]

4.  Decide whether a local or surface average coefficient is required [Loc/Ave]
5. Calculate Pr or get it from the table [Pr]

6.  Select the appropriate correlation, determine Nu and the convection coefficient [Nu, h]

21
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Jupyter Notehooks

Jupyter Notebooks are interactive teaching supports that combine text, images, animations
and pieces of codes (Python). We have developed a Jupyter Notebook on Convection to help

you revise the theory and practice the use of the correlations thanks to a number of guided
exercises.

23



Jupyter Notehooks

Jupyter Notebooks are interactive teaching supports that combine text, images, animations
and pieces of codes (Python). We have developed a Jupyter Notebook on Convection to help

you revise the theory and practice the use of the correlations thanks to a number of guided
exercises.

1. Login on Moodle

2. Open anew tab and paste this link: https://go.epfl.ch/ConvectionNotebook

The first time you access the notebook, it will require some minutes to start the JupyterLab
environment as the system will have to copy the files to your directory. Once the system

starts, you should see a list of files on the left and a web-like page on the right (possibly
with some code visible).
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https://go.epfl.ch/ConvectionNotebook

Jupyter Notehooks

3. On the tope-left side of the JupyterLab environment, click on “Run” and then on “Run All Cells” (repeat every time
you open a new page)

£33 Apps  # Google Scholar M Gmail [ EPFLemail EPFL Caltech @ Handbook of Chem.. I3 ScholarCne Abstracts [l booking airfrance (@) A droplet-based ele... Other bookmarks
File Edit View | Run | Kernel Git Tabs Settings Help
- + 1 Run Selected Cells Shift+Enter  imp X | (A Contentipynb % | [ Ex_External_BankofTubes.ipy % | [ External_Convectionipynb X
Bm /ME341UNB/C  Run Selected Cells and Insert Below atsEnter 0 [ » m C Markdown v @ git Python3 O
Name Run Selected Cells and Don't Advance Ctrl+Enter
B helper Run Selected Text or Current Line in Console H
i Welcome to the Convective Heat Transfer Jupyter Notebook!
o =imee Run All Above Selected Cell
B python_Code . This notebook contains the notions on Convection covered in the Heat and Mass Transfer class.
Run Selected Cell and All Below
® Boiling.ipynb Here you can access the theory, but it is alsa a chance for you to work an some interactive exercices that aim to help you with the understanding of the presented concepts as well as the methodalogy for salving
® | & BeilingCurveipy  Render All Markdown Cells hese problems.
Conte nb
o) EITANEE The goal of the notebook is to guide you through a learning process as laminar as possible!
A= Ex_Boiling_Mult Restart Kernel and Run Al Cells...
« [A] Ex_External BankSTTUBESIByAb 18 minutes age Ref.
[ [® Ex_External_FuelCellvehicleipynb 2 days ago eterence
M| Ex_Free_VerticalPlateCooling.ipynb 2 days ago Examples and guided exercises are taken from the course textbook:
= W Ex_Internal_Pipe.ipynb 2 days ago Incropera, F. P, & DeWitt, D. P. (2002). Fundamentals of heat and mass transfer. New York: J. Wiley.
M| Ex_RefrigeratedTruckipynb 2 days ago
« W External_Convection.ipynb 2 days ago
M| Free_Convectien.ipynb 2 days ago How To Use The Notebook
A IdeasForNoteboak.ipynb 2 days ago
« ) Internal_Convectionipynb 2 days ago In order to visualise properly all the content of this Notebook
A Introduction.ipynb 2 days ago 1. Log in on Moodle
M tinyarrow.jpg 2 days ago 2. Use the Table of Content to access each chapter
B toolbarhtml 2 days ago 3. On the top left of the window, select Run and then Run All Cells
Table of Content
1. Introduction
1.1 What is a convection problem? ==
1.2 Types of convection problems > >
1.3 Heat-Balance-for-open-systems > >
1.4 Boundary layer equations >>
1.5 Local and average convection coefficient ==
1.6 Laminar and turbulent flow >> i
0 M 5 & python3|idle Mode: Command @  Ln52 Col6 Contentipynb
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Enhancement of Convection Coefficient

Coil TW|sted
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FicurE 8.12 Internal flow heat transfer enhancement schemes: (&) longitudinal section and
end view of coil-gpring wire nsert, (b} longitudinal section and cross-sectional view of twisted
tape insen, {c) cut-away section and end view of longjtudinal fins, and (d ) longitudinal section

and end view of helical ribs.
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Tahle of Correlation for internal flow

T4BLE 8.4  Summary of convection correlations for flow in a circular tube®?#
Correlation Conditions
f = 6d/Rey, (8.19) Larninar, fully developed
Mup = 4,36 (8.53) Latnitiar, fully developed, uniform 5
Mg = 366 18.55) Laminar, full v developed, uniform T,
0.0668

WNip=3.66 + % (8.56) Laminar, thermal entry (or combined entry with Br = &),

1+ 0.04[ (T L) Fep Frl uniform T,
ar

® 0.t

My = a6 {2 (2 @57 Laminar, comhined exfry, 0.6 = Pr= 5, 00044 = (/) =

o Hos .

4.74, uniform T,

£ = 0,318 Rep!4 {B.20a)¢  Turbulent, fully developed, Rep = 2 x 10
£ = 0,184 Rspl® B.208)°  Turbulent, fully developed, Rep = 2 % 10%
or
£ = (079010 Bep — 1L64)"° .21)°  Turbulent, fully developed, 3000 = Rep= 5 x 10°
Mg = 0023845 v B.60)7  Turbulent, fully developed, 0.6 = Fr 160,

Fep= 10,000, (L) = 10, n= 04 for T, > T,
and o = 0.3 for T.< T,

or 0lg

iy = 0.027 B 4% Br® (E“) 8.61)°  Turbulent, fully developed, 0.7 < Fr= 16,700,

Rep=z 10,000, Lo = 10
or

(#8)[Rep — 1000) Br

My =—""2 7 0.62)° Turbul ent, fully developed, 0.5 = Pr= 2000,
L+ 12T (A8 E - 1) 2000 £ Rep= & X 10°, (L4D) = 10
Mizp = 482 + 0,0185 [ Bep Fr087 (3.64) Liquid metals, turbulent, fully developed, unifomm g7
36 % 10° 2 Rep = 0058 % 10°, 10% 2 Peps L0F
Mg = 5.0 + 0,025(Rey, P52 (8.65) Liquid metals, turbulent, fully developed,

uniforn I, Pepz 100

“The mass teansfer corelations may be obiained by replacing Mupand Friy Spand Sz sespectively.

Prgerties in Equaticns 553, 855, 860, 861, 862, 864, and & 65 are tased on T,: properties in Buatioms &19, 8.20, and & 21 20 tesed on
Ty = (T, + T/, properties in Equations 556 and 8 67 are tesed on T, = (T, + T, 2.

“Equations 8.20and 821 pertain to smooth tubes. For sough tubes, Equation 8,62 should be used with the results of Figure 8.3

445 a first appeewimation, Bquations 8.60, 861, or 862 may be wsed to evaluate the averags Nusselt number Mg cver the entive tube length,
if (LT = 10. The properties should then be evaluated of the aversge of the mesn temperaturs, T, = (T + T 2

“For tubes of noncimculer cooss ssction, fepn = D'y, 0 = LL4F and uy, = 2'pA. Results for fully developed laminar flow sre provided in
Table &.1. For turbulent fiow, Bquation 8 60 may be used as 2 first spprosdmation.



The Entry Region

Surface condition
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Two possible solutions:

« Thermal entry length with fully developed velocity profile (Pr >> 1 or unheated length)

» Combined thermal and flow entry length

Haat and Mace Trancfar Cniirca | 92018



The Entry Region

Constant Surface Temperature

Thermal entry problem

0.0668(D) I) Rep Pr

Nup,= 366 +
o 1 + 0.04[(IVD) Rep PP

thermal entrance length
or

combined entrance length with Pr=5

Equation 8.56

Combined entry problem

— RE,'DPI" 143 o 0.14
NHD— 186 (W) (E

060 =PFPr=>5

0.0044 = (}uﬁ) =975

=

provided Nup =3 66

Equation 8.57

These properties must be evaluated at 7, = (7}, + Tm’;)fz
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The Entry Region

20
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