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CHAPTER SEVEN

Internal Flow

Having acquired the means to compute convection transfer rates for external flow,
we now consider the convection transfer problem for internal flow. an internal flow, such
as flow in a pipe, is one for which the fluid is confined by a surface.

7.1 Flow Conditions

Consider laminar flow in a circular tube of radius ro Figure (7.1), where fluid enters
the tube with a uniform velocity. We know that when the fluid makes contact with the
surface, viscous effects become important, and a boundary layer develops with increasing
X. This development occurs at the expense of a shrinking inviscid flow

Iflnwsmd flow region |*F30undary layer region

’*U‘(r, x)

-

< Hydrodynamic entrance region Fully developed region>
—’,x
Xed, b

Figure (7.1) Laminar, hydrodynamic boundary layer development in a circular tube.
region and concludes with boundary layer merger at the centerline. Following this merger,
viscous effects extend over the entire cross section and the velocity profile no longer
changes with increasing x. When dealing with internal flows, it is important to be
cognizant of the extent of the entry region, which depends on whether the flow is laminar
or turbulent. The Reynolds number for flow in a circular tube is defined as

puxD _ u,D
Lo v

(7.1)

RED =

Where: (un) is the mean fluid velocity over the tube cross section and (D) is the tube
diameter. In a fully developed flow, the critical Reynolds number corresponding to the
onset of turbulence is
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Rep . = 2300

Re << 2300 laminar flow
2300 = Re = 10,000 transitional flow
Re = 10,000 turbulent flow

7.2 Mean Velocity and Mean Temperature

Because the velocity varies over the cross section and there is no well-defined free
stream, it is necessary to work with a mean velocity um when dealing with internal flows.
This velocity is defined such that, when multiplied by the fluid density (p) and the cross-
sectional area of the tube (A,), it provides the rate of mass flow through the tube. Hence

m= pu, A, (7.2)

For steady, incompressible flow in a tube of uniform cross-sectional area, and (Un)
are constants independent of x. From Eq. (7.1) and (7.2) it is evident that, for flow in a
circular tube (A, = mD?/4), the Reynolds number reduces to
4m

Rep, = TT—JDILL (7.3)

Since the mass flow rate may also be expressed as the integral of the mass flux (pu)
over the cross section

m= f pu(r, x) dA, (7.4)
A,

it follows that, for incompressible flow in a circular tube

u(r,x) dA, 2 r,
U, = Jap ) = W’Dz f u(r, x)rdr
pA. pTI, Yo
Uy = iJ.r u(r, x)rdr (7.5)
5 Jo

The foregoing expression may be used to determine (un) at any axial location (x)
from knowledge of the velocity profile u(r) at that location.
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Just as the absence of a free stream velocity requires use of a mean velocity to
describe an internal flow, the absence of a fixed free stream temperature necessitates using
a mean (or bulk) temperature. To provide a definition of the mean temperature

q=mc(T,, — T,) (7.6)

Recall that the terms on the right-hand side represent the thermal energy for an
incompressible liquid or the enthalpy (thermal energy plus flow work) for an ideal gas,
which is carried by the fluid. In developing this equation, it was implicitly assumed that
the temperature was uniform across the inlet and outlet cross-sectional areas. In reality,
this is not true if convection heat transfer occurs, and we define the mean temperature so
that the term (meTm) is equal to the true rate of thermal energy (or enthalpy) advection
integrated over the cross section. This true advection rate may be obtained by integrating
the product of mass flux (pu) and the thermal energy (or enthalpy) per unit mass, (CpT),
over the cross section. Therefore, we define T,,, from

mc, T, = j puc,TdA,
A,

uc,TdA,
o L,’D ! (7.7)

mc,
For flow in a circular tube with constant (p) and (C,,), it follows that

2 "
Tm=—_J‘ uTrdr 7.8
a2l (7.8)

The mean temperature (Tn) is a convenient reference temperature for internal flows,
playing much the same role as the free stream temperature (T.) for external flows.
Accordingly, Newton’s law of cooling may be expressed as

¢s = hT,— T,) (7.9)

where (h) is the local convection heat transfer coefficient.
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Example (7.1): For flow of a liquid metal through a circular tube, the velocity and
temperature profiles at a particular axial location may be approximated as being uniform
and parabolic, respectively. That is, u(r) = C; and T(r) — T, = C,[1 — (r/79)?], where
C; and C, are constants. What is the value of the Nusselt number (Nup) at this location?

Solution:
T(r)—Ts = C[1—(/1)?]1 = T() = Ts + C[1 — (r/15)?]

"

¢=hT,—T) =h=-2>

T.— T,
T, = LJ‘ rﬁuft"ﬂr}"r
u,r*) o

r, 2
1= 20 {z;+ 02[1 - (ri) ]}rdr
u,r’Jo 0
m - Cl

FromEq. (7.5 u

T = %f;’{:@ + 02[1 - (éﬂ}m-

1

Ty

L}

272 P2 42|
2 If-, G _ G . G
The heat flux may be obtained from Fourier’s law, in which case
0T el | — 9ok
g = kﬂ 1 kC,2 1 261
b G _—2GWr) _ ak
-1, —-Gi2 T
4k/r,) X 2r
Nunzhf:( JE °o_g
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Example (7.2): A system for heating water from an inlet temperature of (T, = 20 °C) to
an outlet temperature of (Tmo = 60 °C) involves passing the water through a thick-walled
tube having inner and outer diameters of (20 mm) and (40 mm). The outer surface of the
tube is well insulated, and electrical heating within the wall provides for a uniform
generation rate of (10° W/md).

1. For a water mass flow rate of (0.1 kg/s), how long must the tube be to achieve the
desired outlet temperature?

2. If the surface temperature of the tube is (Ts = 70 °C) at the outlet, what is the local
convection heat transfer coefficient at the outlet?

Solution:
J7c';e=1o€w'\frm3
T . E,_____ 1 ___ |
waer) D=tomm T RIS Ty 0
- D.= 20 — -
= 0.1 ke/s ‘ lmm S meem T, =60
_____________________________ / Insulation
T. ,=20°C .
' Outlet, o
e
Inlet, i
T,;+T 20+ 60
m,i m,0
T, = = =40 °C

2 2
From Table (A-9) water properties is C, = 4179 J/kg.K.

1. Since the outer surface of the tube is adiabatic, the rate at which energy is generated
within the tube wall must equal the rate at which it is convected to the water.

Eg — qt_'um'
By~ g (0~ DL
G4 D= D)L= ing(T,, = T,)
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106 * % % (0.042 — 0.022)L = 0.1 * 4179(60 — 20)
L=17.7m

2. To find the local convection heat transfer coefficient at the outlet
q"'A=qV

q"(nDiL) = 4 +7 (0§ — D)L

_ |5 @8 - 02)L| _g(p - pP)
B (mD;L) 4D,

106 * (0.042 — 0.022)
4 % 0.02

q"' = 1.5 x 10* W/m?
q" = hg (Ts,o - Tm,O)

1.5 x 10* = hy(70 — 60)

q =

hy = 1500 W/m2.K
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7.3 Laminar Flow in Circular Tubes

For constant heat flux:

In a circular tube characterized by uniform surface heat flux and laminar, fully

developed conditions, the Nusselt number is a constant, independent of (Rep), (Pr), and
axial location, so that

Nup = %) =436  for ¢ = constant (7.10)

For constant temperature:

In a circular tube characterized by uniform surface temperature and laminar, fully

developed conditions, the Nusselt number is a constant, independent of (Rep), (Pr), and
axial location, so that

Nup = %) = 3.66 for T, = constant (7.11)
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Example (7.3): One concept used for solar energy collection involves placing a tube at the
focal point of a parabolic reflector and passing a fluid through the

tube. The net effect of this arrangement may be approximated as Insulation

one of creating a condition of uniform heating at the surface of the __;.fb”mer tube
tube. That is, the resulting heat flux to the fluid may be assumed to

be a constant along the circumference and axis of the tube. l l
Consider operation with a tube of diameter (D = 60 mm) on a \_/
sunny day for which (2000 W/m?). C;'ntrator

1. If pressurized water enters the tube at (0.01 kg/s) and (T, = 20 °C), what tube length
(L) is required to obtain an exit temperature of (80 °C)?

2. What is the surface temperature at the outlet of the tube, where fully developed
conditions may be assumed to exist?

Take k = 0.670W/m.K, pu =352 x107°® N.s/m? and Pr = 2.2.

Solution:

g.'= 2000 W/m?

Y

Water @ ———— = — T

—> D=60mm f=—== ———=54- —>»
m=0.01kgs § ety Sy :___K

T,;=20C— fe— —L——»

T -|2—Tm,0 _ 20 er 80 _ oo

T =

From Table (A-9) water properties is C, = 4181 /kg.K.

1. To find the tube length (L) is required to obtain an exit temperature of (80 °C).
q=q"A

MCy(Tmo — Tm;i) = q" (wDL)

0.01 * 4181 = (80 — 20) = 2000 * 7 * 0.06L

L= 6.65m
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2. To find the surface temperature at the outlet of the tube

_ 4m 4%0.01
mDu 1 *0.06 %352 % 1076

=601
The flow is laminar

N —hD—436
up = =4

. 436K  4.36 % 0.67
D  0.06

h =48.7W/m%.K

q" = h(Ts,o - Tm,O)

2000 = 48.7(Ty, — 80)

Tso =121°C

Constant Surface Temperature

Results for the total heat transfer rate and the axial distribution of the mean
temperature are entirely different for the constant surface temperature condition.

Overall condisions:
Geome = E‘A:ﬂ. I T, = constant (7.12)

where A;: is the tube surface area (A; = PL).

ATy, is the log mean temperature difference.

AT, = To— 2%, 7.13 n
m — m ( b ) i i 7
AT,
ATy =Ts — Tm,O
AT,
AT, =T, — Tm,i
AT, — (Ts - Tm,O) - (Ts - Tm,i)
lm —
In (TS - Tm,O)/(TS - Tm,i) v T, = constant
\
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" In (T Tin 0)/(T Tm,i)

Qconv = me (Tm,o - Tm,i) (7.15)

— mCy (Tmo — Tinyi)

b=t (7.16)
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Example (7.4): Steam condensing on the outer surface of a thin-walled circular tube of
diameter (D = 50 mm) and length (L = 6 m) maintains a uniform outer surface temperature
of (100 °C). Water flows through the tube at a rate of (0.25 kg/s), and its inlet and outlet

temperatures are (Tp,i =
coefficient associated with the water flow?

15 °C) and (Tmo = 57 °C). What is the average convection

Soltion:
D=50mm ’7 T, = 100°C
_ = u
0| ) T,,=57°C
Water —_— - —
%= 0.25 kefs _h | [
\ /
Le = =
T,;=15°C . T—6m .
I
Ti+ Tmo 15457 26 oC
™22

From Table (A-9) water properties is C, = 4178 ] /kg.K.

F _ TG (Timo = Tmi) _ MCp (Tino — Tomi)
AS ATlm DL ATlm
AT, — (Ts - Tm,O) - (Ts - Tm,i)
' =
" In (Ts - Tm,O)/(Ts - Tm,i)
_ (100 — 57) — (100 — 15)
" 7 1n (100 — 57) /(100 — 15)
AT}, = 61.6 °C
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_ 0.25%4178(57 — 15)
T x0.05%x6 61.6

h =755W/m?.K

7.4 Turbulent Flow in Circular Tubes

The Dittus—Boelter equation is a slightly different and preferred and is of the form
Nup = 0.023Re}’ Pr” (7.17)

where n = 0.4 for heating (Ts > Tm),

and n = 0.3 for cooling (T's < Tm).

These equations have been confirmed experimentally for the range of conditions

(0.7 < Pr=160]
Re, = 10,000

_%E 10

One correlation, valid over a large Reynolds number range including the transition region,
is provided by Gnielinski:

_ (£18)(Re,— 1000) Pr
T 127(A8) AP — 1) (7-18)

Where (f) the friction factor may be obtained from the Moody diagramas shown in Figure
(7.2), or, for smooth tubes from the equation (7.19) if

3000 < Re, = 5 x 10°

f=(0.790 In Re, — 1.64) * (7.19)
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Figure (7.2) Friction Factor for Fully Developed Flow in a Circular Tube.

Example (7.5):Water flowing at (2 kg/s) through a (40 mm) diameter tube is to be heated
from (25 to 75 °C) by maintaining the tube surface temperature at (100 °C). What is the
required tube length for these conditions? Fully developed conditions may be assumed to
exist.

) T.=100°C
Solution:

_ Tm,i + Tm,O
2

25475
2

= 50°C

From Table (A-9) water properties is

C, = 4181 /kg.K

=547 X 107°N.s/m?

k=0.643W/m.K Pr = 3.56
4m 4 x2

ReD = = —
nDu  mw*0.04 %547 x 107°

Rep = 1.16 x 10°

Hence the flow is turbulent and assuming fully developed then
Al-Mustagbal University College 12 http://www.mustagbal-college.edu.ig/
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Nup= 0.023Rel Pr"
where n = 0.4 for heating (T's > Tm)

- 4
Nup = 0.023 * (1.16 x 10°)5 * (3.56)%*

N hD 430.4 = h = 430.4 0.643
= — = 4 — = Ak
o =% 0.04

h=6919W/m?.K

mé, (Tm,o — Tm,i) o = méy (Tm,O — Tm'i)

h = __p
AT _ ATO - ATl
™ 7 In AT, /AT;
Tmi - TmO
ATl =
" 1 (T mO)/(T Tm,i)
25 —75
ATlm =
In (100 — 75)/(100 — 25)
AT}, = 45.5°C
_ 2%4181 (75-25)
T mx0.04%6919 455
L=10.6m

7.5 Pressure Gradient and Friction Factor in Fully Developed Flow

The engineer is frequently interested in the pressure drop needed to sustain an
internal flow because this parameter determines pump or fan power requirements. To
determine the pressure drop, it is convenient to work with the Moody (or Darcy) friction
factor, which is a dimensionless parameter defined as

—(dp/dx) D

=i (7.20)
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This quantity is not to be confused with the friction coefficient, sometimes called
the Fanning friction factor, which is defined as
Te
Cr=—
" pu/2

since

s = _M_')'_i:-

it follows that

f
Cr=17

for fully developed laminar flow,
_ b4
RE';_;:

Note that f, hence dp/dx, is a constant in the fully developed region. From Equation
(7.20) the pressure drop (Ap = p; — p,) associated with fully developed flow from the
axial position (x;) to (x,) may then be expressed as

" B e ®
$p=—J ¢=fpmJ d
A ZD |

f (7.21)

/ = ."‘Eﬂ Le H:_-.lr!
ﬂp—% (% — x) =I5 (7.22)

=

where (f) is obtained from Figure (7.2) or from Equation (7.21) for laminar flow and from
Equation (7.19) for turbulent flow in smooth tubes. The pump or fan power required to
overcome the resistance to flow associated with this pressure drop may be expressed as

P=(ap)Y (7.23)

where (V) is the volumetric flow rate may, for an incompressible fluid be expressed as
v=r/p
8.6 Non-circular Tubes and the Concentric Tube Annulus

Although we have thus far restricted our consideration to internal flows of circular cross
section, many engineering applications involve convection transport in noncircular tubes.
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At least to a first approximation, however, many of the circular tube results may be
applied by using an effective diameter as the characteristic length. It is termed the
hydraulic diameter and is defined as

4A,

P

where A.: is the flow cross-sectional area.

D,= (7.24)

P: is the wetted perimeter.

It is this diameter that should be used in calculating parameters such as Rep and Nup.
The turbulent flow, which still occurs if Re, > 2300.

Circular tubes:

A, 4xDY/4
bi=p="72p =P @

Square duct:

4q? : a
- — =
da -

Dy,

Rectangular duct:

_ dab _ 2ab “
h=2a+b)  a+b

Example (7.6): Water at (40 °F) (p = 62.42 Ibm/ft3) and (u = 0.00104 lbm/ft.s) is
flowing in a (0.01 ft) diameter (30 ft) long pipe steadily at an average velocity of
(3 ft/s). Determine the pressure drop and the pumping power requirement to overcome
this pressure drop.

Solution:

pu,D
e =
T
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o, 6242%3+001
®0 = 70.00104

= 1800

Rep < 2300 = laminar flow

_ o = 0.0355
f_ReD_1800_ '
L pu?,
AP = f—
572
30  62.42 * 32 1
AP = 0.0355 *

* *
0.01 2 32.174
AP =930 Ib;/ft?

V=u,A; = Uy, (%DZ)

. T

V=3+2(0.01)* = 0.000236 f¢*/s
P = VAP = 0.00236 % 930

P =0.219 ft.Ibs/s

1W = 0.737ft.1bs/s

p= 0.219 —03W
0737
Al-Mustagbal University College 16

Class: 3"
Subject: Heat Transfer
Lecturer: Dr. Athraa Al-Abbasi
E-mail: Dr.AthraaHameed@mustaqgbal-college.edu.iq

http://www.mustagbal-college.edu.ig/



Class: 3"
Subject: Heat Transfer
Lecturer: Dr. Athraa Al-Abbasi
E-mail: Dr.AthraaHameed@mustaqgbal-college.edu.iq

FIFT AT T
G YN
653

N Erasis W
K]

Home Work (7)

1- Atmospheric air enters the heated section of a circular tube at a flow rate of (0.005 kg/s)
and a temperature of (20 °C). The tube is of diameter (D = 50 mm), and fully developed
conditions with (h = 25 W/m?.K) exist over the entire length of (L = 3 m). For the case of
uniform surface heat flux at (1000 W/m?) , determine the total heat transfer rate (g) and the
mean temperature of the air leaving the tube (Tmo). What is the value of the surface
temperature at the tube inlet (Ts;) and outlet (Ts,)? assume (C, = 1.008 kJ/kg.k).

2- Velocity and temperature profiles for laminar flow in a tube of radius (r, = 10 mm)
have the form

u(n) = 0.1[1 — (r/r)"]

() = 344.8 + 75.0(s'r)* — 18.8(¢/r,)*

with units of m/s and K, respectively. Determine the corresponding value of the mean (or
bulk) temperature, (Tn), at this axial position.

3- Water is to be heated from (15 °C) to (65 °C) as it flows through a (3 cm)
internaldiameter (5 m) long tube shown in figure below. The tube is equipped with an
electric resistance heater that provides uniform heating throughout the surface of the tube.
The outer surface of the heater is well insulated, so that in steady operation all the heat
generated in the heater is transferred to the water in the tube. If the system is to provide
hot water at a rate of (10 L/min), determine the power rating of the resistance heater. Also,
estimate the inner surface temperature of the pipe at the exit. If Re > 2300 take Nu =
0.023 Re%8 pro4

¢ = constant
5

RN

- Wt (s}
152@ . Jf-_’rcm %C

RN O O O O
| |

| S5m |

4- Determine the mean velocity in the pipe, if the velocity profile in fully developed
laminar flow in a circular pipe, is given by

u(r) =41 —-r?/r¢
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Home Work (8)

1- A longe pipeline transfered oil, the length of the pipe is (L =100 km), the pipe diameter
of (D = 1.2 m) and with oil flow rate of (500 kg/s). The oil properties are (p =
900 kg/m?), (C, = 2000 ] /kg.K), (u = 0.765 N.s/m?). Calculate the pressure drop
and the flow work (power).

2- Atmospheric air enters a (10 m) long, (150 mm) diameter uninsulated heating duct at
(60 °C) and (0.04 kg/s). The duct surface temperature is approximately constant at
(Te=15 °C). What are the outlet air temperature, the heat rate, and pressure drop for
these conditions?

3- Consider a thin-walled tube of (10 mm) diameter and (2 m) length. Water enters the
tube from a large reservoir at (0.2 kg/s) and (T = 47 °C). If the tube surface is maintained
at a uniform temperature of (27 °C), what is the outlet temperature of the water, (Tmo)? TO
obtain the properties of water, assume an average mean temperature of (T,=300 K).
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