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Objectives

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, and
calculate hydrodynamic and thermal entry lengths

Analyze heating and cooling of a fluid flowing in a tube under constant
surface temperature 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 Nusselt number in fully developed laminar flow, and

Determine the friction factor and Nusselt number in fully developed
turbulent flow using empirical relations, and calculate the heat transfer
rate.



INTRODUCTION

» Liquid or gas flow through pipes or ducts is commonly used in heating and
cooling applications and fluid distribution networks.

» The fluid in such applications is usually forced to flow by a fan or pump
through a flow section.

« We pay particular attention to friction, which is directly related to the pressure
drop and head loss during flow through pipes and ducts.

* The pressure drop is then used to determine the pumping power requirement.

Rectangular
duct

Circular pipe

Water
50 atm

Circular pipes can withstand large pressure differences

between the inside and the outside without undergoing any
significant distortion, but noncircular pipes cannot.




Theoretical solutions are obtained only for a few simple cases such as
fully developed laminar flow in a circular pipe.

Therefore, we must rely on experimental results and empirical
relations for most fluid flow problems rather than closed-form

analytical solutions.
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Average velocity V,,, is defined

__ as the average speed through a

cross section. For fully
developed laminar pipe flow, Vg,
is half of the maximum velocity.




GENERAL CONSIDERATIONS FOR PIPE FLOW

Liquid or gas flow through pipes or ducts is commonly used in practice in heating
and cooling applications. The fluid is forced to flow by a fan or pump through a
conduit that is sufficiently long to accomplish the desired heat transfer.

Transition from laminar to turbulent flow depends on the Reynolds number as well
as the degree of disturbance of the flow by surface roughness, pipe vibrations, and
the fluctuations in the flow.

The flow in a pipe is laminar for Re < 2300, fully turbulent for Re > 10,000, and
transitional in between.
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the mean temperature of a fluid with constant density and specific heat
flowing in a circular pipe of radius R
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The fluid properties in internal flow are usually evaluated at the bulk mean fluid
temperature, which is the arithmetic average of the mean temperatures at the inlet
andtheexit: 7,=(T, ;+ T, )2

(a) Actual (h) Idealized

Actual and idealized temperature
profiles for flow in a tube




For flow through noncircular pipes, the Reynolds
number is based on the hydraulic diameter

4A. _
D, =— Circular tube: a
/)
For flow in a circular pipe: A(mD?/4)
D, = =1)

_ k D
laminar for Re < 2300
fully turbulent for Re > 10,000

Square duct: a .
Laminar Turbulent R s ﬂ —
N\ h™ 4q
Dye trace
—-
ng

Rectangular duct:

* Dye injection

The hydraulic diameter D, =4A_J/p
is defined such that it reduces to
ordinary diameter for circular tubes.

In the transitional flow region of 2300 < Re

< 10,000, the flow switches between
laminar and turbulent seemingly randomly.




THE ENTRANCE REGION

Velocity boundary layer: The region of the flow in which the effects of the viscous
shearing forces caused by fluid viscosity are felt.

Boundary layer region: The viscous effects and the velocity changes are significant.

Irrotational (core) flow region: The frictional effects are negligible and the velocity
remains essentially constant in the radial direction.

Irrotational (core) Velocity boundary Developing velocity Fully developed
flow region layer profile velocity profile
Vaug > Vavg / vav o vavg Vav i /
N—>i | —i | —i —— —
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- Hydrodynamic entrance region > - 7 >

Hydrodynamically fully developed region

The development of the velocity boundary layer in a pipe. The developed

average velocity profile is parabolic in laminar flow, but somewhat flatter or
fuller in turbulent flow.




Thermal Entrance Region

Thermal entrance region: The thermal boundary layer develops and reaches the
tube center.

Thermal entry length: The length of this region.

Thermally developing flow: Flow in the thermal entrance region. This is the region
where the temperature profile develops.

Thermally fully developed region: The region beyond the thermal entrance region
in which the dimensionless temperature profile remains unchanged.

Fully developed flow: The flow is both hydrodynamically and thermally developed.

Thermal
boundary layer
Temperature profile
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—— —
- - e - - -
" :
— =
S
= X
- Thermal -l Thermally
entrance region fully developed region

9 The development of the thermal boundary layer in a tube.
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Hydrodynamically fully developed:

ou(r, x) - -
P —  u= ur)
Thermally fully developed.
g |Lx) — Ik x)|
ox | T(x) — T, (x)|
k(oT/ar)| -
=Rl )= ,{ﬂ" o ks n’;_;]}plm .

In the thermally fully developed region of a
tube, the local convection coefficient is constant

Therefore, both the friction and convection
coefficients remain constant in the fully
developed region of a tube.

The pressure drop and heat flux are higher in
the entrance regions of a tube, and the effect of
the entrance region is always to increase the
average friction factor and heat transfer
coefficient for the entire tube.

h s
or

I Entrance,  Fully

| region

I
|
|
|
|
: region : developed
| |
!
| I
|

=Y

Fully developed
I - flow

\ \\ Thermal boundary layer

Velocity boundary laver

Variation of the friction factor
and the convection heat

transfer coefficient in the flow
direction for flow in a tube
(Pr>1).




Entry Lengths

Lh, laminar ““5 er‘ D
Lr. laminar — “(}5 R'f Pl’ [) — PI‘ Lfr. laminar

Lh.turbulem = 1.359D Re”‘i

Lh, turbulent Lr. turbulent 10D



12

RO0
700 ~ )
Nu, (T, = constant) / \|
600 N”x H (g ;= constant) \ / 7]
_ 300 ‘_,_ D_ﬁ‘ _
Zjn.r
.. 400 —
= Re=2 % 103
=, e=_.2 bl
300 =
200 105 £
6% 104
100 3 x 104 i
104
| | | | | | | | |
0 2 4 6 B 10 12 14 16 18 20

The Nusselt numbers and thus h values are much higher in the entrance
region.
The Nusselt number reaches a constant value at a distance of less than

10 diameters, and thus the flow can be assumed to be fully developed
for x > 10D.

The Nusselt numbers for the uniform surface temperature and uniform
surface heat flux conditions are identical in the fully developed regions,
and nearly identical in the entrance regions.



GENERAL THERMAL ANALYSIS

Rate of heat transfer

t_f_j =il = 1} (W)
Surface heat flux
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Energy balance:

Q=m ek T ~T)

The heat transfer to a fluid flowing in a
tube is equal to the increase in the

energy of the fluid.

The thermal conditions at the surface can
be approximated to be

(T,= const) (g, = const)

The constant surface temperature
condition is realized when a phase
change process such as boiling or
condensation occurs at the outer surface
of a tube.

The constant surface heat flux condition is
realized when the tube is subjected to
radiation or electric resistance heating
uniformly from all directions.

We may have either T,=constant or g,=
constant at the surface of a tube, but not
both.



Constant Surface Heat Flux (q, = constant)

Rate of heat transfer:

)
Entr?m{:e Fully de:uelc}ped
region | region
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Variation of the tube surface and
the mean fluid temperatures

along the tube for the case of
14 constant surface heat flux.
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differential control volume
ar dl in a tube.
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| 7
ol - dT . dry, = 24 e T The shape of the temperature profile
a.x dx dx pVanc'pR remains unchanged in the fully

developed region of a tube subjected
to constant surface heat flux.
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Constant Surface Temperature (7, = constant)

Rate of heat transfer to or from a fluid flowing in a tube

f:‘) = /L_l-'*AT”"*":‘ = ”‘I"_\ﬁ:{ T.a‘ o TH:}:L"-':J {“V\' )

Two suitable ways of expressing AT,
« arithmetic mean temperature difference

* |ogarithmic mean temperature difference

Arithmetic mean temperature difference

_AT AT, @-D+@-T) . T+T,

‘&'Tﬂ'fg ii= leI'I] 7 N} B

I

Bulk mean fluid temperature: T, = (T; + T,)/2

By using arithmetic mean temperature difference, we assume that the mean
fluid temperature varies linearly along the tube, which is hardly ever the case

when T, = constant.
This simple approximation often gives acceptable results, but not always.

Therefore, we need a better way to evaluate AT,
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n'?('p dT, = T, — T,)dA,

dA; = pdx dT, = —d(T, —
dT,~T,)  hp
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i
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[
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Energy interactions for a differential

control volume in a tube.

T; = constant |

/

m

(T, approaches T asymptotically)

0 4%

 —

\ T, = constant

The variation of the mean fluid

-

I-._i

temperature along the tube for the
case of constant temperature.

Integrating from x = 0 (tube inlet,
T,= T)tox=L (tubeexit, T,=T,))

I,— i, B hA
T.— T, ne,

In

T,=T1, — (I; — T) exp(—hA,/mic,)
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"

O = hA AT,

n

logarithmic mean temperature difference = 100°C

AT, = | Pl B af. — AL T - /

M = 10T, = T)IT, = T)] ~ In(AT,/AT) ﬁfe i, £
NTU: Number of transfer units. A measure of
the effectiveness of the heat transfer systems. e e

NTU =hA /mc, T,.°C

For NTU =5, T, = T, and the limit for heat
transfer is reached. 0.01 20.8

A small value of NTU indicates more
opportunities for heat transfer.

An NTU greater than 5 indicates
AT,, is an exact representation of the average [RIIR L RillTe flowing in a tube will

temperature difference between the fluid and reach the surface temperature at

the surface. the exit regardless of the inlet
temperature.

When AT, differs from AT, by no more than

40%, the error in using the arithmetic mean

temperature difference is less than 1 %.




LAMINAR FLOW IN TUBES -
P.r P.1'+ dx
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Pressure Drop
dP ol Py — Py
dc L
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Laminar flow: AP=P,— P, =

Afp |
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Darcy friction factor f=— Headioss: ls=—ps ~I 53
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e . _ 641 64
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pbV,: Re Woump = 16 hp
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Pg 2g
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Temperature Profile and the Nusselt Number

HH}JTT o ”“}JTT-I-J_T + 0 =Qppgp =0
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The rate of net energy transfer to the control

" _ ) .
0 — 9 ( —k2rdx H—T) = —2mkdx dn: (f‘ dT

volume by mass flow is equal to the net rate
of heat conduction in the radial direction.

Y

i The differential volume

element used in the derivation

of energy balance relation.



Constant Surface Heat Flux

oT dIy dT, "f}g
T T T P w *{pR = constant
44, r2\ 1 a . dal B g { i
kR (' Rz) = Tdr ( & ) I =g\ ug) Tl

Applying the boundary conditions 0T/0x = 0 at r = 0 (because of symmetry)
and T=T,atr=R

q'_.;R(3 2 ;4) 114sR
I'=T ———|—— = 4+— — e
Tk TR R In =1 =247
. _ 24k _48Kk _ 4ok
s "F(T:ﬁ' Tm_) h = 11 R 1] D =4.36 D
Circular tube, laminar (q, =constant): Nu = % 4.36

Therefore, for fully developed laminar flow in a circular tube subjected to
constant surface heat flux, the Nusselt number is a constant.

” There is no dependence on the Reynolds or the Prandtl numbers.



Constant Surface Temperature

; _ hD
Circular tube, laminar (T, = constant): Nu = T 3.66
The thermal conductivity k for use in the Nu relations should be evaluated at the
bulk mean fluid temperature.

For laminar flow, the effect of surface roughness on the friction factor and the
heat transfer coefficient is negligible.

TE = constant

fe 64 W Laminar Flow in Noncircular
_______ Re | | Tubes
Nu = 3.66 Nusselt number relations are given in
- J the table for fully developed laminar

flow in tubes of various cross sections.
Fully developed

: The Reynolds and Nusselt numbers
laminar flow

for flow in these t
In laminar flow in a tube with constant SRl U I e €l

the hydraulic di ter D. = 4A
surface temperature, both the friction © hydradiic diameter L JP;

et R N el e e il | Once the Nusselt number is available,
remain constant in the fully developed the convection heat transfer coefficient

region. is determined from h = kNu/D,.




Nusselt number and friction factor for fully developed laminar flow in tubes of
various cross sections (D, = 4A./p, Re = V,.D,/v, and Nu = hD,/k)

alb Nusseit Number Friction Facto
Tube Geometry or #° T. = Const. | g. = Const. f
Circle — 3.66 4.36 64.00/Re
(3
Rectangle ab
1 2.98 3.61 56.92/Re
2 3.39 4.12 62.20/Re
3 3.96 4.79 68.36/Re
4 4.44 5:33 72.92/Re
6 5.14 6.05 78.80/Re
8 5.60 6.49 82.32/Re
% /.54 8.24 96.00/Re
ab
1 3.66 4.36 64.00/Re
i 3.74 4.56 67.28/Re
4 3.79 4.88 72.96/Re
8 372 5.09 76.60/Re
16 3.65 5.18 78.16/Re
f
10° 1.61 2.45 50.80/Re
30° 2.26 2891 52.28/Re
60° 2.47 311 53.32/Re
90° 2.34 2.98 52.60/Re
120° 2.00 2.68 50.96/Re




25

Developing Laminar Flow in the Entrance Region

For a circular tube of length L subjected to constant surface temperature,
the average Nusselt number for the thermal entrance region:

0.065 (D/L) Re Pr
| + 0.04[(D/L) Re Pr]??

The average Nusselt number is larger at the entrance region, and it
approaches asymptotically to the fully developed value of 3.66 as L — .

Entry region, laminar: Nu = 3.66 +

When the difference between the surface and the fluid temperatures is large,
it may be necessary to account for the variation of viscosity with temperature:

Re Pr D\ 173 AR All properties are evaluated at the bulk
Nu = | M’(T) ( ) mean fluid temperature, except for p,, which

is evaluated at the surface temperature.

s

The average Nusselt number for the thermal entrance region of
flow between isothermal parallel plates of length L is

Re = 2800

0.03 (D, /L) Re Pr
| + 0.016[(D,, /L) Re Pr]*?

Entry region, laminar: Nu = 7.54 +
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TURBULENT FLOW IN TUBES

First Petukhov equation

Smooth tubes: f=(0.790 In Re — 1.64) 2 3000 < Re <5 X 10°

Chilton—Colburn analogy Nu = 0.125 fRePr!?

Colburn equation

ra

Nu = 0.023 RE‘O'S PrIfS (07 < Pr= 160

Re > 10,000

f=0.184 Re ™02

Nu = 0.023 Re"® Pr”  Dittus—Boelter equation

n = 0.4 for heating and 0.3 for cooling

When the variation in properties is large due to a large temperature difference

0.14 |
_ 0.8p..1/3[ M* 0.7 < Pr= 17,600
Nu = 0.027 Re ™ Pr (#5) ( Re = 10.000 )

All properties are evaluated at T, except p, which is evaluated at T..
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Second Petukhov equation

_ ( f/8) Re Pr (0.5 < Pr = 2000 )
1.07 + 12.7( £/18)°3 (P23 — 1) 10 < Re <5 X 10°

Nu

Gnielinski relation

~ (f8)(Re — 1000) Pr 0.5 = Pr = 2000
L+ 12,7 £/8)05 (Pr2B — 1) (* X 107 <Re <35 X 105_)

Nu

For liquid metals (0.004< Pr < 0.01), the following relations are recommended by

Sleicher and Rouse for 104< Re <106¢:

Liquid metals, T, = constant: Nu = 4.8 + 0.0156 Re®%> P93

Liquid metals, ¢, = constant: Nu = 6.3 + 0.0167 Re®% Pr093

In turbulent flow, wall roughness increases the heat transfer coefficient h by a
factor of 2 or more. The convection heat transfer coefficient for rough tubes can
be calculated approximately from Gnielinski relation or Chilton—Colburn analogy
by using the friction factor determined from the Moody chart or the Colebrook

equation.

The relations above are not very sensitive to the thermal conditions at the tube
surfaces and can be used for both T, = constant and q, = constant.




The Moody Chart

The friction factor in fully developed turbulent
pipe flow depends on the Reynolds number
and the relative roughness ¢ /D.

Explicit Haaland equation

]

6.9 [e/D\"!
_v}_ 1.8 l{}g[Re + (3._}') }
Relative Friction
Roughness, Factor,

elD f

0.0* 0.0119
0.00001 0.0119
0.0001 0.0134
0.0005 0.0172
0.001 0.0199
0.005 0.0305
0.01 0.0380
0.05 0.0716

*Smooth surface. All values are for Re = 108
and are calculated from Eg. 8-74.

The friction factor is minimum for a smooth

pipe and increases with roughness.

Colebrook equation (for
smooth and rough pipes)

231

|
-l.i

\/f

1 /D
= —2.0 log(&f +

Re \f’})

Equivalent roughness values for

new commercial pipes*

Roughness, &

Material ft mm
Glass, plastic O (smooth)
Concrete 0.003-0.03 0.9-9
Wood stave 0.0016 0.5
Rubber,

smoothed 0.000033 0.01
Copper or

brass tubing 0.000005 0.0015
Cast iron 0.00085 0.26
Galvanized

iron 0.0005 0.15
Wrought iron 0.00015 0.046
Stainless steel 0.000007 0.002
Commercial

steel 0.00015 0.045




0.1
0.09

0.08

0.03

Darcy friction factor, f
=
=
wn

0.02

0.015

0.01
0.009
0.008
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1 T T IIRL e lll
Laminar Transitional Turbulent
flow — 1 flow 11" flow N
— _— Fully rough trbulent flow ( flevels off)
\
—HHH N 0.05
~17 N 0.04
\
b = 0.03
L .
1\ \\ 1-‘
% - 0.02
% § o - 3 5
N
2 \\ Sous - 0.01
Ll 3 N 1] 9
2 Pt~ 1] > 0.01
£ AL = = 0.008
i o - A >
W ) ~{1] ™ 0.006
% ‘Q \\ -~ - 1 -
2 0.004
o s =
AN
aSes - 0.002
N
P~ - 5
[ Y NSNS ] T[] : 8.0'018
L R h .8 - - < .000
— g _— Susss 0.0006
aten t mm ey mma N
RS S 0.0004
| Glass, plastic 0 0 T 1 ’
. Concrete 0.003-0.03 0.9-9 - N — “h
| Woaod stave 0.0016 05 ||| Smooth pipes N T 3 0.0002
Rubber, smoothed 0.000033 001 N7 P LT FoT==Ll N
i ) Ul &D=0 - =
Copper or brass tubing 0.000005 00015 \ o~ ~1 0.0001
. Castion 0.00085 0.26 R L1 -
Galvanized iron 0.0005 015 =~ 1 By 0.00005
" Wrought iron 0.00015 0.046 NN efD = 0.000005 7T
| Stainless steel 0,000007 0.002 AR | N
| Commercial steel 0.00015 0.045 elD=0. e 1|
1111 A EIII NN 11111 | 1 11111 R T~ [T 0.00001

10° 21003 456 8 |gpr 201003 456 8105 20105 3 4 56 8 oo 21003 456 8 (7 21073 456 8 108
Reynolds number, Re

The Moody Chart

Re lative roughne ss, &/D



Developing Turbulent Flow in the Entrance Region

The entry lengths for turbulent flow are typically short, often just 10 tube
diameters long, and thus the Nusselt number determined for fully developed
turbulent flow can be used approximately for the entire tube.

This simple approach gives reasonable results for pressure drop and heat
transfer for long tubes and conservative results for short ones.

Correlations for the friction and heat transfer coefficients for the entrance regions
are available in the literature for better accuracy.

Turbulent Flow in Noncircular Tubes

Pressure drop and heat transfer = S
characteristics of turbulent flow in tubes are t —

dominated by the very thin viscous sublayer = 5 [ S
next to the wall surface, and the shape of the - L Core region
core region is not of much significance. AN

Viscous sublayer

The turbulent flow relations given above for
circular tubes can also be used for In turbulent flow, the velocity
noncircular tubes with reasonable accuracy profile is nearly a straight line in
by replacing the diameter D in the evaluation | Ei{al-Xele]{=R1=le[[e]aME=131s K=11)%

of the Reynolds number by the hydraulic significant velocity gradients occur
diameter D, = 4AJp. in the viscous sublayer.
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Flow through Tube Annulus

The hydraulic diameter of annulus

4A. 4m(D; — D)4

Dh =

P

TT(DO + D,)

o

For laminar flow, the convection coefficients for the inner and the outer surfaces

are determined from

D, _ h,D,

and Nu,

Nu;

Tube surfaces are often roughened,

corrugated, or finned in order to
enhance convection heat transfer.

i

Nusselt number for fully developed
laminar flow in an annulus with
one surface isothermal and the
other adiabatic (Kays and Perkins,

1972)

D;/D, Nu, Nu,

0 — 3.66
0.05 1746  4.06
0.10 11.56  4.11
0.25 7.37 4.23
0.50 5.74  4.43
1.00 486  4.86




For fully developed turbulent flow, h; and h, are approximately equal to each
other, and the tube annulus can be treated as a noncircular duct with a
hydraulic diameter of D, =D, - D.

The Nusselt number can be determined from a suitable turbulent flow relation
such as the Gnielinski equation. To improve the accuracy, Nusselt number can
be multiplied by the following correction factors when one of the tube walls is
adiabatic and heat transfer is through the other wall:

- \—0.16
F,=086]|— (outer wall adiabatic)
A\ DG *
F.=0.86|— (inner wall adiabatic)
a D
Nk




Heat Transfer Enhancement

Tubes with rough surfaces have much
higher heat transfer coefficients than tubes
with smooth surfaces.

Fin

Heat transfer in turbulent flow in a tube has | (@) Finned surface

been increased by as much as 400 percent
by roughening the surface. Roughening the
surface, of course, also increases the
friction factor and thus the power
requirement for the pump or the fan.

() Roughened surface Roughness
The convection heat transfer coefficient
can also be increased by inducing
pulsating flow by pulse generators, by Tube surfaces are often
inducing swirl by inserting a twisted tape roughened, corrugated, or finned
into the tube, or by inducing secondary in order to enhance convection
flows by coiling the tube. heat transfer.
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SUMMARY

General Considerations for Pipe Flow

« Thermal Entrance Region, Entry Lengths
General Thermal Analysis

» Constant Surface Heat Flux
» Constant Surface Temperature
Laminar Flow in Tubes

» Constant Surface Heat Flux, Constant Surface Temperature

« Laminar Flow in Noncircular Tubes, Developing Laminar Flow in the
Entrance Region

Turbulent Flow in Tubes

» Developing Turbulent Flow in the Entrance Region,
* Turbulent Flow in Noncircular Tubes
* Flow through Tube Annulus, Heat Transfer Enhancement



