CHAPTER

5-1 | INTRODUCTION

The preceding chapters have considered the mechanism and calculation of conduction heat
transfer. Convection was considered only insofar as it related to the boundary conditions
imposed on a conduction problem. We now wish to examine the methods of calculating
convection heat transfer and, in particular, the ways of predicting the value of the convection
heat-transfer coefficient . The subject of convection heat transfer requires an energy balance
along with an analysis of the fluid dynamics of the problems concerned. Our discussion in
this chapter will first consider some of the simple relations of fluid dynamics and boundary-
layer analysis that are important for a basic understanding of convection heat transfer. Next,
we shall impose an energy balance on the flow system and determine the influence of the
flow on the temperature gradients in the fluid. Finally, having obtained a knowledge of the
temperature distribution, the heat-transfer rate from a heated surface to a fluid that is forced
over it may be determined.

Our development in this chapter is primarily analytical in character and is concerned
only with forced-convection flow systems. Subsequent chapters will present empirical rela-
tions for calculating forced-convection heat transfer and will also treat the subjects of natural
convection and boiling and condensation heat transfer.

5-2 | VISCOUS FLOW

Consider the flow over a flat plate as shown in Figures 5-1 and 5-2. Beginning at the
leading edge of the plate, a region develops where the influence of viscous forces is felt.
These viscous forces are described in terms of a shear stress v between the fluid layers.
If this stress is assumed to be proportional to the normal velocity gradient, we have the
defining equation for the viscosity,

T=p— [5-1]

The constant of proportionality w is called the dynamic viscosity. A typical set of units is
newton-seconds per square meter; however, many sets of units are used for the viscosity,
and care must be taken to select the proper group that will be consistent with the formulation
at hand.

The region of flow that develops from the leading edge of the plate in which the effects
of viscosity are observed is called the boundary layer. Some arbitrary point is used to
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5-2 Viscous Flow

Figure 5-1 | Sketch showing different boundary-layer flow regimes on a

flat plate.
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Figure 5-2 | Laminar velocity profile
on a flat plate.
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designate the y position where the boundary layer ends; this point is usually chosen as the
y coordinate where the velocity becomes 99 percent of the free-stream value.

Initially, the boundary-layer development is laminar, but at some critical distance from
the leading edge, depending on the flow field and fluid properties, small disturbances in the
flow begin to become amplified, and a transition process takes place until the flow becomes
turbulent. The turbulent-flow region may be pictured as a random churning action with
chunks of fluid moving to and fro in all directions.

The transition from laminar to turbulent flow occurs when

L’\j’xzpu“’x»x 10°

where
1o = free-stream velocity, m/s
x = distance from leading edge, m
v =/ p = kinematic viscosity, m?/s
This particular grouping of terms is called the Reynolds number, and is dimensionless if a
consistent set of units is used for all the properties:

Re, =

[5-2]

Although the critical Reynolds number for transition on a flat plate is usually taken as
5 x 10° for most analytical purposes, the critical value in a practical situation is strongly
dependent on the surface-roughness conditions and the “turbulence level” of the free stream.
The normal range for the beginning of transition is between 5 x 10° and 10°. With very large
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disturbances present in the flow, transition may begin with Reynolds numbers as low as
10%, and for flows that are very free from fluctuations, it may not start until Re =2 x 10° or
more. In reality, the transition process is one that covers a range of Reynolds numbers, with
transition being complete and with developed turbulent flow usually observed at Reynolds
numbers twice the value at which transition began.

The relative shapes for the velocity profiles in laminar and turbulent flow are indicated
in Figure 5-1. The laminar profile is approximately parabolic, while the turbulent profile
has a portion near the wall that is very nearly linear. This linear portion is said to be due
to a laminar sublayer that hugs the surface very closely. Outside this sublayer the velocity
profile is relatively flat in comparison with the laminar profile.

The physical mechanism of viscosity is one of momentum exchange. Consider the
laminar-flow situation. Molecules may move from one lamina to another, carrying with them
a momentum corresponding to the velocity of the flow. There is a net momentum transport
from regions of high velocity to regions of low velocity, thus creating a force in the direction
of the flow. This force is the viscous-shear stress, which is calculated with Equation (5-1).

The rate at which the momentum transfer takes place is dependent on the rate at which
the molecules move across the fluid layers. In a gas, the molecules would move about
with some average speed proportional to the square root of the absolute temperature since,
in the kinetic theory of gases, we identify temperature with the mean kinetic energy of a
molecule. The faster the molecules move, the more momentum they will transport. Hence
we should expect the viscosity of a gas to be approximately proportional to the square root of
temperature, and this expectation is corroborated fairly well by experiment. The viscosities
of some typical fluids are given in Appendix A.

In the turbulent-flow region, distinct fluid layers are no longer observed, and we are
forced to seek a somewhat different concept for viscous action. A qualitative picture of the
turbulent-flow process may be obtained by imagining macroscopic chunks of fluid trans-
porting energy and momentum instead of microscopic transport on the basis of individual
molecules. Naturally, we should expect the larger mass of the macroscopic elements of fluid
to transport more energy and momentum than the individual molecules, and we should also
expect a larger viscous-shear force in turbulent flow than in laminar flow (and a larger ther-
mal conductivity as well). This expectation is verified by experiment, and it is this larger
viscous action in turbulent flow which causes the flat velocity profile indicated in Figure 5-1.

Consider the flow in a tube as shown in Figure 5-3. A boundary layer develops at the
entrance, as shown. Eventually the boundary layer fills the entire tube, and the flow is said
to be fully developed. If the flow is laminar, a parabolic velocity profile is experienced, as
shown in Figure 5-3a. When the flow is turbulent, a somewhat blunter profile is observed,
as in Figure 5-3b. In a tube, the Reynolds number is again used as a criterion for laminar
and turbulent flow. For

Uy,d
Re,; = - 2300 [5-3]
the flow is usually observed to be turbulent d is the tube diameter.

Again, a range of Reynolds numbers for transition may be observed, depending on the
pipe roughness and smoothness of the flow. The generally accepted range for transition is

2000 < Re; < 4000
although laminar flow has been maintained up to Reynolds numbers of 25,000 in carefully

controlled laboratory conditions.
The continuity relation for one-dimensional flow in a tube is

1= ptym A [5-4]
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5-3 Inviscid Flow

Figure 5-3 | Velocity profile for (¢) laminar flow in a tube and (b) turbulent tube flow.
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where
i = mass rate of flow
um = mean velocity
A = cross-sectional area
We define the mass velocity as
) m
Mass velocity = G = A= Dty [5-5]
so that the Reynolds number may also be written
Gd
Reyj=— [5-6]
7

Equation (5-6) is sometimes more convenient to use than Equation (5-3).

5-3 | INVISCID FLOW

Although no real fluid is inviscid, in some instances the fluid may be treated as such, and it is
worthwhile to present some of the equations that apply in these circumstances. For example,
in the flat-plate problem discussed above, the flow at a sufficiently large distance from the
plate will behave as a nonviscous flow system. The reason for this behavior is that the
velocity gradients normal to the flow direction are very small, and hence the viscous-shear
forces are small.

If a balance of forces is made on an element of incompressible fluid and these forces
are set equal to the change in momentum of the fluid element, the Bernoulli equation for
flow along a streamline results:

p 1V2

= + - — =const [5-7a]
P 2g
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or, in differential form,

d, Vdv
b, _
1Y 8c

0 [5-7b]

where

o = fluid density, kg/m’
p = pressure at particular point in flow, Pa
V = velocity of flow at that point, m/s

The Bernoulli equation is sometimes considered an energy equation because the V2/2g,
term represents kinetic energy and the pressure represents potential energy; however, it
must be remembered that these terms are derived on the basis of a dynamic analysis, so that
the equation is fundamentally a dynamic equation. In fact, the concept of kinetic energy is
based on a dynamic analysis.

When the fluid is compressible, an energy equation must be written that will take into
account changes in internal thermal energy of the system and the corresponding changes
in temperature. For a one-dimensional flow system this equation is the steady-flow energy
equation for a control volume,

1
2gc

1
2gc

i+ 5= Vi+ Q=i+ 5— V5 + Wk 5-8]
where i is the enthalpy defined by
i=e+pv [5-9]

and where

¢ = internal energy
Q = heat added to control volume
Wk = net external work done in the process
v = specific volume of fluid
(The symbol i is used to denote the enthalpy instead of the customary / to avoid confusion
with the heat-transfer coefficient.) The subscripts 1 and 2 refer to entrance and exit conditions

to the control volume. To calculate pressure drop in compressible flow, it is necessary to
specify the equation of state of the fluid, for example, for an ideal gas,

p=pRT Ae=c,AT Ai=c,AT
The gas constant for a particular gas is given in terms of the universal gas constant 3t as

R=—
M

where M is the molecular weight and it =8314.5 J/kg - mol - K. For air, the appropriate
ideal-gas properties are

Rair =2871/kg-K  ¢pair =1.005kl/kg-°C ¢y air =0.718 kI /kg - °C
To solve a particular problem, we must also specify the process. For example, reversible

adiabatic flow through a nozzle yields the following familiar expressions relating the prop-
erties at some point in the flow to the Mach number and the stagnation properties, i.e., the

219


http://www.abbyy.com/buy
http://www.abbyy.com/buy

220

5-3 Inviscid Flow

properties where the velocity is zero:

T —1
o:H_VTMz

T

1 v/ (y=1)
o _ <1+V—M2)
p 2

_1 A\Vo-D
po_ <1+V—M2)
P 2

where

1o, po, po = stagnation properties
y = ratio of specific heats ¢, /c,
M = Mach number
\%

M=—
a

where a is the local velocity of sound, which may be calculated from

a=./yg:RT [5-10]
for an ideal gas.’ For air behaving as an ideal gas this equation reduces to
a=20.045/T m/s [5-11]
where T is in degrees Kelvin.
EXAMPLE 5-1 Water Flow in a Diffuser

Water at 20°C flows at 8 kg/s through the diffuser arrangement shown in Figure Example 5-1. The
diameter at section 1 is 3.0 cm, and the diameter at section 2 is 7.0 cm. Determine the increase in
static pressure between sections 1 and 2. Assume frictionless flow.

Figure Example 5-1

Flow

]
—_

—_
[N}

H Solution
The flow cross-sectional areas are

nd? 0.03)2
L0097 069 x 104 m?

7d  7(0.07)2
Ay = Tz = % —3.848 x 103 m?

The isentropic flow formulas are derived in Reference 7, p. 629.
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The density of water at 20°C is 1000 kg/ m?3, and so we may calculate the velocities from the
mass-continuity relation

m
u=—
PA
8.0
= —~ =1132m/s [37.1 ft/s]
(1000)(7.069 x 10—)
8.0
uy =2.079m/s [6.82ft/s]

= (1000)(3.848 x 10-3)

The pressure difference is obtained from the Bernoulli equation (5-7a):
P2 — Pl L 5 5
—— = — (] —u5)
Y 2gc . 4
1000
py = p1=——[(11.32) = 2.079)%]

=61.91kPa [8.98 Ib/in? abs]

Isentropic Expansion of Air EXAMPLE 5-2

Air at 300°C and 0.7 MPa pressure is expanded isentropically from a tank until the velocity is
300 m/s. Determine the static temperature, pressure, and Mach number of the air at the high-
velocity condition. y = 1.4 for air.

B Solution
We may write the steady-flow energy equation as
2
u
. . 2
=1+ —
2gc

because the initial velocity is small and the process is adiabatic. In terms of temperature,

u3
cp(lh =) = 2e
2
(1005)(300 — 7)) = %

T, =255.2°C=528.2K [491.4°F]

We may calculate the pressure from the isentropic relation

p2 <T2>)’/(V—1)
p1 \T
528.2

35
p2 =(0.7) (W) =0.526 MPa [76.3 lb/in2 abs]

The velocity of sound at condition 2 is

ay = (20.045)(528.2)1/2 =460.7m/s [1511 ft/s]

so that the Mach number is 300
up
My=—=——=0.651
270 T 4607
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5-4 Laminar Boundary Layer on a Flat Plate

5-4 | LAMINAR BOUNDARY LAYER
ON A FLAT PLATE

Consider the elemental control volume shown in Figure 5-4. We derive the equation of
motion for the boundary layer by making a force-and-momentum balance on this element.
To simplify the analysis we assume:

1. The fluid is incompressible and the flow is steady.

2. There are no pressure variations in the direction perpendicular to the plate.

3. The viscosity is constant.

4. Viscous-shear forces in the y direction are negligible.

We apply Newton’s second law of motion,

dmV),
D b=

The above form of Newton’s second law of motion applies to a system of constant
mass. In fluid dynamics it is not usually convenient to work with elements of mass; rather,
we deal with elemental control volumes such as that shown in Figure 5-4, where mass may
flow in or out of the different sides of the volume, which is fixed in space. For this system
the force balance is then written

E F, = increase in momentum flux in x direction

The momentum flux in the x direction is the product of the mass flow through a particular
side of the control volume and the x component of velocity at that point.
The mass entering the left face of the element per unit time is

pu dy

Figure 5-4 | Elemental control volume for force balance on laminar boundary layer.
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if we assume unit depth in the z direction. Thus the momentum flux entering the left face
per unit time is
pudyu= ,ou2 dy

The mass flow leaving the right face is

ou
P <u + — dx) dy
ax

and the momentum flux leaving the right face is

ou 2
plu+—dx) dy
ax

The mass flow entering the bottom face is

pvdx

and the mass flow leaving the top face is

dv
P <v + — dy) dx
ay

A mass balance on the element yields
ou v
pudy+pvdx=plu+—dx)dy+plv+—dy) dx
ax ay

or
du  dv _

—+—=0 [5-12]
ax oy
This is the mass continuity equation for the boundary layer.

Returning to the momentum-and-force analysis, the momentum flux in the x direction
that enters the bottom face is

pou dx

and the momentum in the x direction that leaves the top face is

v ou
plv+—dy)lu+—4dy) dx
dy dy

We are interested only in the momentum in the x direction because the forces considered in
the analysis are those in the x direction. These forces are those due to viscous shear and the
pressure forces on the element. The pressure force on the left face is p dy, and that on the
right is —[p 4+ (3p/3x) dx] dy, so that the net pressure force in the direction of motion is

dp

——dxd

ax Y

The viscous-shear force on the bottom face is
ou

—pu—d
oy &

and the shear force on the top is

J 8u+8 ou J
any dy \ dy Y
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5-4 Laminar Boundary Layer on a Flat Plate

The net viscous-shear force in the direction of motion is the sum of the two terms:

. %u
Net viscous-shear force = MW dx dy
y

Equating the sum of the viscous-shear and pressure forces to the net momentum transfer in
the x direction, we have

Pu ap ou 2 5
U—dxdy— —dxdy=plu+—dx | dy—pu”dy
ax ax

ay?
v ou
+polv+—dy)lu+—4dy) dx— pvudx
dy dy
Clearing terms, making use of the continuity relation (5-12), and neglecting second-order

differentials, gives
du n du 2u ap [5-13]
UH—+v—|=p—s—— -
p ax dy " y?r  ox

This is the momentum equation of the laminar boundary layer with constant properties. The
equation may be solved exactly for many boundary conditions, and the reader is referred to
the treatise by Schlichting [1] for details of the various methods employed in the solutions.
In Appendix B we have included the classical method for obtaining an exact solution to
Equation (5-13) for laminar flow over a flat plate. For the development in this chapter we
shall be satisfied with an approximate analysis that furnishes an easier solution without a
loss in physical understanding of the processes involved. The approximate method is due
to von Karman [2].

Consider the boundary-layer flow system shown in Figure 5-5. The free-stream velocity
outside the boundary layer is #,, and the boundary-layer thickness is §. We wish to make a
momentum-and-force balance on the control volume bounded by the planes 1, 2, 4-4, and
the solid wall. The velocity components normal to the wall are neglected, and only those in
the x direction are considered. We assume that the control volume is sufficiently high that
it always encloses the boundary layer; that is, H > 8.

Figure 5-5 | Elemental control volume for integral
momentum analysis of laminar boundary

layer.
y
A A |
X
U,
—————
|//
H
—
// ; dy
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A
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The mass flow through plane 1 is

H
/ oudy [a]
0
and the momentum flow through plane 1 is
H 2
/O pu? dy 161

The momentum flow through plane 2 is

H d H
2 2
/ pu”dy+ — </ pu dy) dx [c]
0 dx \ Jo

and the mass flow through plane 2 is

H d H
/ pudy+—</ pudy) dx [d]
0 dx \Jo

Considering the conservation of mass and the fact that no mass can enter the control volume
through the solid wall, the additional mass flow in expression (d) over that in (¢) must enter
through plane 4-A4. This mass flow carries with it a momentum in the x direction equal to

d H
Uoo— </ ou dy) dx
dx 0

The net momentum flow out of the control volume is therefore

d a d a

2
— / pudy ) dx —ueo— / pudy) dx
dx \ Jy dx \Jo

This expression may be put in a somewhat more useful form by recalling the product formula
from the differential calculus:

ding) =nd¢+¢dy

or
ndp=dng) —¢dn

In the momentum expression given above, the integral

H
/ pu dy
0

is the ¢ function and u is the 5 function. Thus

d (% d a diss [ [H
Uoo— / pudy) dx=— uoo/ pudy) dx — —— / pudy) dx
dx 0 dx 0 dx 0

[5-14]

d (1 du ([T
= Pl dy ) dx — pudy ) dx
X 0 dx 0

The u., may be placed inside the integral since it is not a function of y and thus may be
treated as a constant insofar as an integral with respect to y is concerned.
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5-4 Laminar Boundary Layer on a Flat Plate

Returning to the analysis, the force on plane 1 is the pressure force pH and that on
plane 2 is [p 4 (dp/dx) dx] H. The shear force at the wall is

ou
—Tydx=—pdx —
ay y:O
There is no shear force at plane 4-A4 since the velocity gradient is zero outside the boundary
layer. Setting the forces on the element equal to the net increase in momentum and collecting
terms gives

dp d % dus (2
— Ty ——H=—p— (oo —wudy+ —— oudy [5-15]
dx dx Jo dx Jo
This is the integral momentum equation of the boundary layer. If the pressure is constant

throughout the flow,
dp 0 du
dx pites dx

since the pressure and free-stream velocity are related by the Bernoulli equation. For the
constant-pressure condition, the integral boundary-layer equation becomes

[5-16]

d (3 du
o / (oo — W dy =Ty = 2 [5-17]
dx 0 ay y:O

The upper limit on the integral has been changed to § because the integrand is zero for y > &
since u = uq for y > 8.

If the velocity profile were known, the appropriate function could be inserted in Equa-
tion (5-17) to obtain an expression for the boundary-layer thickness. For our approximate
analysis we first write down some conditions that the velocity function must satisfy:

u=0 at y=0 [a]
U=t at y=34 |b]
ou
— =0 aty=34§ [c]
dy
For a constant-pressure condition Equation (5-13) yields
Pu_, ty=0 [d]
—_— = a =
ay? Y

since the velocities # and v are zero at y = 0. We assume that the velocity profiles at various x
positions are similar; that is, they have the same functional dependence on the y coordinate.
There are four conditions to satisfy. The simplest function that we can choose to satisfy
these conditions is a polynomial with four arbitrary constants. Thus

u=C1+Coy+C3y" +Cay’ [5-18]
Applying the four conditions (a) to (d),
3 1 3
w3 Ly [5-19]
U 28 21\§

Inserting the expression for the velocity into Equation (5-17) gives

d ) 3y 1 /y\3 3y 1 /yy\3 du

e LB o)

x 0o 28 21\¢ 28 2\$ 3y Jy=o
3 pic
208
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Carrying out the integration leads to
d (39 , 3 pio
— (=l s)=2—=
dx \ 280 2 8

Since p and u, are constants, the variables may be separated to give
140 u 4 140 v

§ds= — X = — — dx
13 puco 13 uxo
and
82 140 vx N .
o _muw 0
2713 ug OO

At x=0,5=0, so that

VX
§=4.64 | — [5-20]
Uoo

This may be written in terms of the Reynolds number as

1) _ 4.64
X Re,l/2
where
Rey = % [5-21]
vV

The exact solution of the boundary-layer equations as given in Appendix B yields

8 5.0
-=—17 [5-214]
X Rey

Mass Flow and Boundary-Layer Thickness

Air at 27°C and 1 atm flows over a flat plate at a speed of 2 m/s. Calculate the boundary-layer
thickness at distances of 20 cm and 40 cm from the leading edge of the plate. Calculate the mass
flow that enters the boundary layer between x =20 cm and x =40 cm. The viscosity of air at 27°C
is 1.85 x 107> kg/m - s. Assume unit depth in the z direction.

B Solution
The density of air is calculated from

The Reynolds number is calculated as
 (L.177)(2.0)(0.2)

At x=20 cm: Re= =25,448
1.85%x 10—3
1.177)(2.0)(0.4

Atx=d0cm:  Re= SiD@OOD o000
1.85% 103

The boundary-layer thickness is calculated from Equation (5-21):
(4.64)(0.2)

At x =20 cm: f=——=
* (25,448)172

=0.00582m [0.24 in]

_ {4.64)(0.4)

At x =40 cm: = —" -
* (50,897)1/2

=0.00823 m [0.4in]
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5-5 Energy Equation of the Boundary Layer

To calculate the mass flow that enters the boundary layer from the free stream between x =20 cm
and x =40 cm, we simply take the difference between the mass flow in the boundary layer at these
two x positions. At any x position the mass flow in the boundary layer is given by the integral

[}
/ pudy
0

where the velocity is given by Equation (5-19),
3y 1 <y>3
u=u -=—— (=
128 2\s
Evaluating the integral with this velocity distribution, we have
d 3y 133 5
Y y)
22 (2) | dy=Zpuces
/0 p”“’[za 2(5 ] Y=g
Thus the mass flow entering the boundary layer is
Am = 3 puucs (340 — 820)
= (%)(1.177)(2.0)(0.0082 — 0.0058)
=3.531 x 10 3 kg/s [7.78 x 1073 Iby, /s]

5-5 | ENERGY EQUATION OF THE
BOUNDARY LAYER

The foregoing analysis considered the fluid dynamics of a laminar-boundary-layer flow
system. We shall now develop the energy equation for this system and then proceed to an
integral method of solution.

Consider the elemental control volume shown in Figure 5-6. To simplify the analysis
we assume

1. Incompressible steady flow

2. Constant viscosity, thermal conductivity, and specific heat
3. Negligible heat conduction in the direction of flow (x direction), i.e.,

orT  aT
ax oy
Then, for the element shown, the energy balance may be written
Energy convected in left face 4 energy convected in bottom face
+ heat conducted in bottom face
+ net viscous work done on element
=energy convected out right face + energy convected out top face
+ heat conducted out top face

The convective and conduction energy quantities are indicated in Figure 5-6, and the
energy term for the viscous work may be derived as follows. The viscous work may be
computed as a product of the net viscous-shear force and the distance this force moves in
unit time. The viscous-shear force is the product of the shear-stress and the area dx,

ou

—d
oy &
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Figure 5-6 | Elemental volume for energy analysis of laminar boundary layer.

A

w35 (57) @]

Net viscous work ‘ | Py (U+ dV) (T+ dv) dx

rd pey, (u+—dx) (r+ —dx)dv
cu
pcy Ly
dy
ot & —
puc, Tdx
kdxaT
dy

and the distance through which it moves per unit time in respect to the elemental control

volume dx dy is
ou

—d
ay Y

so that the net viscous energy delivered to the element is

9 2

i

nw <—) dxdy
dy

Writing the energy balance corresponding to the quantities shown in Figure 5-6, assuming
unit depth in the z direction, and neglecting second-order differentials yields

aT+ T (2 ] ey =17 vy s (2  dvd
C v— X —Aax —_— X
Pep 3y ox " ay YEEGR TR G, Y

Using the continuity relation
du dv

— =0 5-12
ax 8y [ |

and dividing by pc, gives

T AT PT o [ou\?
o e [5-22]

u V—=a— + —
ax ay o pe p \ 0y

This is the energy equation of the laminar boundary layer. The left side represents the net

transport of energy into the control volume, and the right side represents the sum of the net

heat conducted out of the control volume and the net viscous work done on the element.

The viscous-work term is of importance only at high velocities since its magnitude will be

small compared with the other terms when low-velocity flow is studied. This may be shown
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5-5 Energy Equation of the Boundary Layer

with an order-of-magnitude analysis of the two terms on the right side of Equation (5-22).
For this order-of-magnitude analysis we might consider the velocity as having the order of
the free-stream velocity u and the y dimension of the order of 8. Thus
U™~ Uso and y~8
PT T

a— ~ a—
ay? 82

(Y
pcp \ Ay pcp 82

If the ratio of these quantities is small, that is,

so that

2
U
, C“ — <l [5-23]
y4

then the viscous dissipation is small in comparison with the conduction term. Let us rear-
range Equation (5-23) by introducing
pro okt
o k

where Pr is called the Prandtl number, which we shall discuss later. Equation (5-23) becomes

u>

Pr—= «1 [5-24]

cpT

As an example, consider the flow of air at

oo =70m/s T'=20°C=293K p=1latm
For these conditions ¢, =1005=1J/kg-°C and Pr =0.7 so that
w2, (0.7)(70)

8]

pritoe = O 6010410
Yo, T (1005)(293) <

indicating that the viscous dissipation is small for even this rather large flow velocity of
70 m/s. Thus, for low-velocity incompressible flow, we have
T AT T 525
M8x+U8y_a8y2 [5-251
In reality, our derivation of the energy equation has been a simplified one, and several
terms have been left out of the analysis because they are small in comparison with others.
In this way we immediately arrive at the boundary-layer approximation, without resorting
to a cumbersome elimination process to obtain the final simplified relation. The general
derivation of the boundary-layer energy equation is very involved and quite beyond the
scope of our discussion. The interested reader should consult the books by Schlichting [1]
and White [5] for more information.
There is a striking similarity between Equation (5-25) and the momentum equation for
constant pressure,
ou ou Pu 5.26
M8x+U8y_v8y2 [5-26]
The solution to the two equations will have exactly the same form when « = v. Thus we
should expect that the relative magnitudes of the thermal diffusivity and kinematic viscosity
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would have an important influence on convection heat transfer since these magnitudes relate
the velocity distribution to the temperature distribution. This is exactly the case, and we
shall see the role that these parameters play in the subsequent discussion.

5-6 | THE THERMAL BOUNDARY LAYER

Just as the hydrodynamic boundary layer was defined as that region of the flow where
viscous forces are felt, a thermal boundary layer may be defined as that region where
temperature gradients are present in the flow. These temperature gradients would result
from a heat-exchange process between the fluid and the wall.

Consider the system shown in Figure 5-7. The temperature of the wall is 7, the
temperature of the fluid outside the thermal boundary layer is 7, and the thickness of the
thermal boundary layer is designated as ;. At the wall, the velocity is zero, and the heat
transfer into the fluid takes place by conduction. Thus the local heat flux per unit area, ¢”, is

q p 8T:|
—=q¢' =—k — [5-27]
A 3y |wall

From Newton’s law of cooling [Equation (1-8)],

q" =h(Ty — Tro) [5-28]
where 7 is the convection heat-transfer coefficient. Combining these equations, we have
—k(3T/2
he (0T/3Y) wall [5-29]
Tw—Tx

so that we need only find the temperature gradient at the wall in order to evaluate the
heat-transfer coefficient. This means that we must obtain an expression for the temperature
distribution. To do this, an approach similar to that used in the momentum analysis of the
boundary layer is followed.

The conditions that the temperature distribution must satisfy are

=1, at y=0 [a]
ar
— =0 at y=24; (6]
ay

T=T, aty=54 ]

Figure 5-7 | Temperature profile in the
thermal boundary layer.
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5-6 The Thermal Boundary Layer

Figure 5-8 | Control volume for integral energy analysis of
laminar boundary flow.
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and by writing Equation (5-25) at y =0 with no viscous heating we find
PT
W =0 at y= 0 [d]

since the velocities must be zero at the wall.
Conditions (a) to (d) may be fitted to a cubic polynomial as in the case of the velocity

profile, so that

3

=r—r=3+-3(3) 15-30)
O loo—Ty 28 2\&

where 8 =T — T,. There now remains the problem of finding an expression for §;, the

thermal-boundary-layer thickness. This may be obtained by an integral analysis of the

energy equation for the boundary layer.

Consider the control volume bounded by the planes 1, 2, 4-4, and the wall as shown in
Figure 5-8. It is assumed that the thermal boundary layer is thinner than the hydrodynamic
boundary layer, as shown. The wall temperature is T, the free-stream temperature is T,
and the heat given up to the fluid over the length dx is dg.,. We wish to make the energy
balance

Energy convected in 4 viscous work within element

+ heat transfer at wall = energy convected out [5-31]

The energy convected in through plane 1 is
H
pCp / ul dy
0

and the energy convected out through plane 2 is

H d H
pCp </ quy)-l——(,ocp/ quy) dx
0 dx 0

The mass flow through plane 4-4 is

d H
— dy) d
([ )
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Figure 5-9 | Hydrodynamic and thermal boundary layers on a
flat plate. Heating starts at x = x.

>

|—

|—— x0—>

and this carries with it an energy equal to

d H
CPTOOE </0 pu dy) dx

The net viscous work done within the element is
/ ! <d” )2 d ] d
2z — ) dy|ax
0o \dy |
and the heat transfer at the wall is
T ]

dgw =—kdx —
A

Combining these energy quantities according to Equation (5-31) and collecting terms gives

d UH(T T) d}+ " /H<d”)2d o 8T} [5-32]
a T i du T )
dx | Jo Y pep | Jo \ay Y dy 1,

This s the integral energy equation of the boundary layer for constant properties and constant
free-stream temperature 7.

To calculate the heat transfer at the wall, we need to derive an expression for the thermal-
boundary-layer thickness that may be used in conjunction with Equations (5-29) and (5-30)
to determine the heat-transfer coefficient. For now, we neglect the viscous-dissipation term;
this term is very small unless the velocity of the flow field becomes very large. And the
calculation of high-velocity heat transfer will be considered later.

The plate under consideration need not be heated over its entire length. The situation
that we shall analyze is shown in Figure 5-9, where the hydrodynamic boundary layer
develops from the leading edge of the plate, while heating does not begin until x = x.

Inserting the temperature distribution Equation (5-30) and the velocity distribution
Equation (5-19) into Equation (5-32) and neglecting the viscous-dissipation term, gives

d [ [t d [ [t

E[/o (TOO_T)Mdy]:E[/O (Gm—G)udy]
B d | r# 3y 1/vN\N |3y 1,93
—900”%{/0 [1‘55—#5(5) [55—5<5>]dy

BT] RIS
o — =
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5-6 The Thermal Boundary Layer

Let us assume that the thermal boundary layer is thinner than the hydrodynamic boundary
layer. Then we only need to carry out the integration to y =4, since the integrand is zero
for y > &. Performing the necessary algebraic manipulation, carrying out the integration,
and making the substitution ¢ = §,/8 yields

dls(3 23 a)]23%% -
9‘””“’5[8(2_0( 280° )}_z 5¢ 5331

Because §; < 8, £ < 1, and the term involving Z* is small compared with the ¢ 2 term, we
neglect the ¢* term and write
3 abso

3
209""”“’ (822 )_EF [5-34]

Performing the differentiation gives

Lo <zsc §+czd‘3) o

10 8¢
o 1 d ds
¢, .3
— 28202 = + 038
10”°°< Cnte dx) *
But
140 v
83dé=——dx
13 ux
and
522@2
13 ux
so that we have
2d¢ _13d
&+ 4xg? [5-35]
dx  14v
Noting that
,de  1d
kb

we see that Equation (5-35) is a linear differential equation of the first order in £, and the

solution is
13«

3 374
—C
CECT Y

When the boundary condition
8 =0 at x =xg
¢=0 at x =x¢

is applied, the final solution becomes

s 1 n x0\3/47"3
=——FP 1— (2 .
C=5 = T026 <x> [5-36]
where v
Pr=— [5-37]
o

has been introduced. The ratio v/« is called the Prandtl number after Ludwig Prandtl, the
German scientist who introduced the concepts of boundary-layer theory.
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When the plate is heated over the entire length, xg =0, and

8 1
S

5= Toze [5-38]

In the foregoing analysis the assumption was made that £ < 1. This assumption is
satisfactory for fluids having Prandtl numbers greater than about 0.7. Fortunately, most
gases and liquids fall within this category. Liquid metals are a notable exception, however,
since they have Prandtl numbers of the order of 0.01.

The Prandtl number v/« has been found to be the parameter that relates the relative
thicknesses of the hydrodynamic and thermal boundary layers. The kinematic viscosity of
a fluid conveys information about the rate at which momentum may diffuse through the
fluid because of molecular motion. The thermal diffusivity tells us the same thing in regard
to the diffusion of heat in the fluid. Thus the ratio of these two quantities should express
the relative magnitudes of diffusion of momentum and heat in the fluid. But these diffusion
rates are precisely the quantities that determine how thick the boundary layers will be for a
given external flow field; large diffusivities mean that the viscous or temperature influence
is felt farther out in the flow field. The Prandtl number is thus the connecting link between
the velocity field and the temperature field.

The Prandtl number is dimensionless when a consistent set of units is used:

v
pr_ Y _ P ot

= [5-39]
a  kfpcp k

In the SI system a typical set of units for the parameters would be y in kilograms per second
per meter, c;, in kilojoules per kilogram per Celsius degree, and £ in kilowatts per meter
per Celsius degree. In the English system one would typically employ x in pound mass per
hour per foot, ¢, in Btu per pound mass per Fahrenheit degree, and k in Btu per hour per
foot per Fahrenheit degree.
Returning now to the analysis, we have
—k(0T/dv)w 3k 3k

h= =-—= 5-40
Ty—Te 28 2¢8 [5-401

Substituting for the hydrodynamic-boundary-layer thickness from Equation (5-21) and
using Equation (5-36) gives

h,=0.332k Pr'/3 (”;”)1/2 [1 - <@>3/4T/3 [5-41]

VX X

The equation may be nondimensionalized by multiplying both sides by x/k, producing the
dimensionless group on the left side,

h
Nuy = %x [5-42]

called the Nusselt number after Wilhelm Nusselt, who made significant contributions to the
theory of convection heat transfer. Finally,

3477173
Nu, =0.332Pr'/3 Re!/2 [1 -(2) } [5-43]

X

or, for the plate heated over its entire length, xo = 0 and

Nu, = 0.332Pr!/3 Re!/? [5-44]
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5-6 The Thermal Boundary Layer

Equations (5-41), (5-43), and (5-44) express the local values of the heat-transfer coefficient
in terms of the distance from the leading edge of the plate and the fluid properties. For the
case where x¢ = 0 the average heat-transfer coefficient and Nusselt number may be obtained
by integrating over the length of the plate:

=20 27 _oh s [5-454]
foL dx )

For a plate where heating starts at x = xg, it can be shown that the average heat transfer
coefficient can be expressed as

Ty — 1— Ly3/4
0L _o, (x0/L) [5-455]
hx:L L—XO

In this case, the total heat transfer for the plate would be
Gtotal = hxg—1. (L = x0) (T — To)

assuming the heated section is at the constant temperature 1,. For the plate heated over the
entire length,

KL
NuL = 7 =2 Nux:L [5-46a]
or
— KL
Nuz ==~ =0.664 Re/*Pr!/3 [5-46b]
where L
ReL = Piteo
"

The reader should carry out the integrations to verify these results.

The foregoing analysis was based on the assumption that the fluid properties were
constant throughout the flow. When there is an appreciable variation between wall and
free-stream conditions, it is recommended that the properties be evaluated at the so-called
film temperature Ty, defined as the arithmetic mean between the wall and free-stream
temperature,

- T+ T
)

An exact solution to the energy equation is given in Appendix B. The results of the

exact analysis are the same as those of the approximate analysis given above.

[5-47]

Constant Heat Flux

The above analysis has considered the laminar heat transfer from an isothermal surface. In
many practical problems the surface heat flux is essentially constant, and the objective is
to find the distribution of the plate-surface temperature for given fluid-flow conditions. For
the constant-heat-flux case it can be shown that the local Nusselt number is given by

h
Nu, = % =0.453 Re!/2 pr!/3 [5-48]

which may be expressed in terms of the wall heat flux and temperature difference as
quwX

Nuy=—7"——
k(Tw - Too)

[5-49]
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The average temperature difference along the plate, for the constant-heat-flux condition,
may be obtained by performing the integration

To=T 1/L(T Too)d 1/L Tty
— —p— —_ X = — X

k Nuy
quwL/k

©0.6795 Re)/? Prl/3

[5-50]

or

Gw=3hx=r (T — Io0)

In these equations g, is the heat flux per unit area and will have the units of watts
per square meter (W/m?) in SI units or British thermal units per hour per square foot
(Btu/h - ft?) in the English system. Note that the heat flux ¢,, =¢/A is assumed constant
over the entire plate surface.

Other Relations

Equation (5-44) is applicable to fluids having Prandtl numbers between about 0.6 and 50.
It would not apply to fluids with very low Prandtl numbers like liquid metals or to high-
Prandtl-number fluids like heavy oils or silicones. For a very wide range of Prandtl numbers,
Churchill and Ozoe [9] have correlated a large amount of data to give the following relation
for laminar flow on an isothermal flat plate:

0.3387 Re./? pr!/3

[ 0.0468 1237
1+< )
Pr

For the constant-heat-flux case, 0.3387 is changed to 0.4637 and 0.0468 is changed to
0.0207. Properties are still evaluated at the film temperature.

Isothermal Flat Plate Heated Over Entire Length

For the flow system in Example 5-3 assume that the plate is heated over its entire length to a
temperature of 60°C. Calculate the heat transferred in (a) the first 20 cm of the plate and (b) the
first 40 cm of the plate.

Nu, = for Rey Pr > 100 [5-51]

B Solution

The total heat transfer over a certain length of the plate is desired; so we wish to calculate average
heat-transfer coefficients. For this purpose we use Equations (5-44) and (5-45), evaluating the
properties at the film temperature:

_ 27+60

Ty =43.5°C=316.5K [110.3°F]

From Appendix A the properties are
v=1736x 1070 m?/s [1.87 x 10~* ft%/s]
k=0.02749 W/m-°C [0.0159 Btu/h - ft - °F]
Pr=0.7
cp=1.006kJ/kg - °C [0.24 Btu/lby, - °F]
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5-6 The Thermal Boundary Layer

Atx=20cm
uox  (2)(0.2)
T 17.36x 10—

Rex = =23,041

h
Nuy = % —0.332Re/?pr!/3

=(0.332)(23,041)1/2(0.7)!/3 = 44.74

k 44.74)(0.02749
e = Nuy (-) _ By
X 0.2

=6.15W/m?-°C [1.083 Btu/h- ft> - °F]

The average value of the heat-transfer coefficient is twice this value, or
7=(2)(6.15)=12.3 W/m?-°C [2.17 Btu/h- ft> - °F]
The heat flow is _
q=hA(Ty — To)
If we assume unit depth in the z direction,

g=(12.3)(0.2)(60 —27)=81.18 W [277 Btu/h]

At x =40 cm
uoox  (2)(0.4)
v 1736 x 10—6
Nu, = (0.332)(46,082)1/2(0.7)1/3 = 63.28
o (6328) 594.02749) A T O
7= (2)(4.349) =8.698 W/m% -°C [1.53 Btu/h - ft% - °F]

q=1(8.698)(0.4)(60 —27)=114.8 W  [392 Btu/h]

Rey = =46,082

Flat Plate with Constant Heat Flux

A 1.0-kW heater is constructed of a glass plate with an electrically conducting film that produces
a constant heat flux. The plate is 60 cm by 60 cm and placed in an airstream at 27°C, 1 atm with
Uuso =5 m/s. Calculate the average temperature difference along the plate and the temperature

difference at the trailing edge.
H Solution

Properties should be evaluated at the film temperature, but we do not know the plate temperature.
So for an initial calculation, we take the properties at the free-stream conditions of

Too =27°C =300 K
v=15.69x 107 °m%s  Pr=0.708  k=0.02624 W/m-°C

006 _ ;91105

Ry )
L= 15.69x 106

From Equation (5-50) the average temperature difference is

_ 1 .6)21(0.6)/0.02624
— [1000/(0.6)%1(0.6)/0.026 —240°C
0.6795(1.91 x 105)1/2(0.708)1/3
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Now, we go back and evaluate properties at

240 + 27 427
Ty = % =147°C=420K

and obtain

v=2822x10"°m%s Pr=0.687 k=0.035W/m-°C
- (0.6)(5)
28.22x 10
_ [1000/(0.6)21(0.6)/0.035
T 0.6795(1.06 x 105)1/2(0.687)1/3

=1.06 x 107

=243°C

Ty—Tw

At the end of the plate (x =L = 0.6 m) the temperature difference is obtained from Equations
(5-48) and (5-50) with the constant 0.453 to give
(243.6)(0.6795)

Tw—1To0)y=], = —————— =365.4°C
(Tw 00 )x=L 0.453

An alternate solution would be to base the Nusselt number on Equation (5-51).

Plate with Unheated Starting Length

Air at 1 atm and 300 K flows across a 20-cm-square plate at a free-stream velocity of 20 m/s. The
last half of the plate is heated to a constant temperature of 350 K. Calculate the heat lost by the
plate.

H Solution
First we evaluate the air properties at the film temperature

Tp=(Tw+Too)/2=325K

and obtain
v=18.23x10"%m?/s k=0.02814W/m-°C Pr=0.7

At the trailing edge of the plate the Reynolds number is
Re; = uooL/v=(20)(0.2)/18.23 x 1070 =2.194 x 10°

or, laminar flow over the length of the plate.
Heating does not start until the last half of the plate, or at a position xg =0.1 m. The local
heat-transfer coefficient for this condition is given by Equation (5-41):

T = 0.332k Prl/3 (upo fux) V2 [1 — (x9/%)0 7317 1/3 [a]

Inserting the property values along with xg = 0.1 gives

By =8.6883x1/2(1 —0.17783x0-73)~1/3 (6]

The plate is 0.2 m wide so the heat transfer is obtained by integrating over the heated length

xg<x<L
L=02
q=(0.2)(Ty — T'0) hydx [c]
x0=0.1
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5-6 The Thermal Boundary Layer

Inserting Equation (b) in Equation (¢) and performing the numerical integration gives
q=1{0.2)(8.6883)(0.4845)(350 — 300) =421 W [d]
The average value of the heat-transfer coefficient over the heated length is given by
h=q/(Ty — Too)(L —x0)W =421/(350 — 300)(0.2 — 0.1)(0.2) =421 W/m? . °C

where W is the width of the plate.
An easier calculation can be made by applying Equation (5-45b) to determine the average
heat transfer coefficient over the heated portion of the plate. The result is

h=425.66W/m?-°C and ¢=425.66 W

which indicates, of course, only a small error in the numerical integeration.

EXAMPLE 5-7 Oil Flow Over Heated Flat Plate

Engine oil at 20°C is forced over a 20-cm-square plate at a velocity of 1.2 m/s. The plate is heated
to a uniform temperature of 60°C. Calculate the heat lost by the plate.

B Solution
We first evaluate the film temperature:
_20+60

=40°C
2

Ty

The properties of engine oil are

p =876 kg/m> v =0.00024 m?/s
k=0.144W/m-°C  Pr=2870

The Reynolds number is
usoL  (1.2)(0.2)
Re= —— =~
v 0.00024

Because the Prandtl number is so large we will employ Equation (5-51) for the solution. We see
that /i, varies with x in the same fashion as in Equation (5-44), that is, /i, x 1/ 2, so that we
get the same solution as in Equation (5-45) for the average heat-transfer coefficient. Evaluating
Equation (5-51) at x = 0.2 gives

~(0.3387)(1000)!/2(2870)1/3
|y (00468 2374
2870
(152.2)(0.144)
T 0.2

The average value of the convection coefficient is

h=(2)(109.6) =219.2 W/m? - °C

=1000

=152.2

Ux

and
=109.6 W/m? - °C

so that the total heat transfer is

g=hA(Ty — Tno) = (219.2)(0.2)2(60 — 20) = 350.6 W
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5-7 | THE RELATION BETWEEN FLUID
FRICTION AND HEAT TRANSFER

We have already seen that the temperature and flow fields are related. Now we seek an
expression whereby the frictional resistance may be directly related to heat transfer.
The shear stress at the wall may be expressed in terms of a friction coefficient Cs:

2
pUZ

2

ty=Cy [5-52]

Equation (5-52) is the defining equation for the friction coefficient. The shear stress may
also be calculated from the relation

du
Tw=M8—y
w

Using the velocity distribution given by Equation (5-19), we have

3
208

Tw

and making use of the relation for the boundary-layer thickness gives

3 oo [Uso\ /2
i - 5-53
v 24.64<vx> [5-53]
Combining Equations (5-52) and (5-53) leads to
Cr 3 fUso\1/2 —12
L= (= =0.323 R 5-54
2 2464 <vx> pul, Cx [5-541
The exact solution of the boundary-layer equations yields
C
X 0.332 Re; /2 [5-54a]
Equation (5-44) may be rewritten in the following form:
N B 330 pr28 e 12
Re Pr pepus
The group on the left is called the Stanton number,
h
St, = ——=>
PCpioco
so that
St, Pr*/3 =0.332 Re!/? [5-55]

Upon comparing Equations (5-54) and (5-55), we note that the right sides are alike except
for a difference of about 3 percent in the constant, which is the result of the approx-
imate nature of the integral boundary-layer analysis. We recognize this approximation
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5-7 The Relation Between Fluid Friction and Heat Transfer

and write

S‘[,CPrz/3 = %

[5-56]
Equation (5-56), called the Reynolds-Colburn analogy, expresses the relation between fluid
friction and heat transfer for laminar flow on a flat plate. The heat-transfer coefficient
thus could be determined by making measurements of the frictional drag on a plate under
conditions in which no heat transfer is involved.

It turns out that Equation (5-56) can also be applied to turbulent flow over a flat plate
and in a modified way to turbulent flow in a tube. It does not apply to laminar tube flow. In
general, a more rigorous treatment of the governing equations is necessary when embarking
on new applications of the heat-transfer—fluid-friction analogy, and the results do not always
take the simple form of Equation (5-56). The interested reader may consult the references
at the end of the chapter for more information on this important subject. At this point, the
simple analogy developed above has served to amplify our understanding of the physical
processes in convection and to reinforce the notion that heat-transfer and viscous-transport
processes are related at both the microscopic and macroscopic levels.

Drag Force on a Flat Plate

For the flow system in Example 5-4 compute the drag force exerted on the first 40 cm of the plate
using the analogy between fluid friction and heat transfer.

B Solution
We use Equation (5-56) to compute the friction coefficient and then calculate the drag force. An
average friction coefficient is desired, so

_ C
Scpe/3 = Tf [a]

The density at 316.5 K is

p _ 1.0132x10°

L 15 ke/m’
RT ~ (287)(316.5) g/m

10:

For the 40-cm length

h 8.698

= —3.88x 1073
pcptics (1.115)(1006)(2)

St=

Then from Equation (a)

C
Tf =(3.88 x 1073)(0.7)%3 =3.06 x 1073

The average shear stress at the wall is computed from Equation (5-52):

2
_ — u
==

=(3.06 x 1073)(1.115)(2)2
=0.0136 N/m?

The drag force is the product of this shear stress and the area,

D=(0.0136)(0.4)=5.44mN [1.23 x 1073 Ib]
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5-8 | TURBULENT-BOUNDARY-LAYER
HEAT TRANSFER

Consider a portion of a turbulent boundary layer as shown in Figure 5-10. A very thin region
near the plate surface has a laminar character, and the viscous action and heat transfer take
place under circumstances like those in laminar flow. Farther out, at larger y distances
from the plate, some turbulent action is experienced, but the molecular viscous action and
heat conduction are still important. This region is called the buffer layer. Still farther out,
the flow is fully turbulent, and the main momentum- and heat-exchange mechanism is one
involving macroscopic lumps of fluid moving about in the flow. In this fully turbulent region
we speak of eddy viscosity and eddy thermal conductivity. These eddy properties may be
10 to 20 times as large as the molecular values.

The physical mechanism of heat transfer in turbulent flow is quite similar to that in
laminar flow; the primary difference is that one must deal with the eddy properties instead
of the ordinary thermal conductivity and viscosity. The main difficulty in an analytical
treatment is that these eddy properties vary across the boundary layer, and the specific
variation can be determined only from experimental data. This is an important point. All
analyses of turbulent flow must eventually rely on experimental data because there is no
completely adequate theory to predict turbulent-flow behavior.

If one observes the instantaneous macroscopic velocity in a turbulent-flow system,
as measured with a laser anemometer or other sensitive device, significant fluctuations
about the mean flow velocity are observed as indicated in Figure 5-11, where # is designated
as the mean velocity and «’ is the fluctuation from the mean. The instantaneous velocity is
therefore

u=u+u [5-57]

The mean value of the fluctuation #” must be zero over an extended period for steady flow
conditions. There are also fluctuations in the y component of velocity, so we would write

v=v4+7 [5-58]

The fluctuations give rise to a turbulent-shear stress that may be analyzed by referring to
Figure 5-12.

For a unit area of the plane P-P, the instantaneous turbulent mass-transport rate across
the plane is pv’. Associated with this mass transport is a change in the x component of

Figure 5-10 | Velocity profile in turbulent boundary layer on a
flat plate.
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5-8 Turbulent-Boundary-Layer Heat Transfer

Figure 5-11 | Turbulent fluctuations with time.
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Figure 5-12 | Turbulent shear stress and mixing length.
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velocity #’. The net momentum flux per unit area, in the x direction, represents the turbulent-
shear stress at the plane P-P, or pv'u’. When a turbulent lump moves upward (v’ > 0), it
enters a region of higher # and is therefore likely to effect a slowing-down fluctuation in «’,
thatis, u’ < 0. A similar argument can be made for v’ < 0, so that the average turbulent-shear
stress will be given as

= —pUd [5-59]

We must note that even though v/ =u’ =0, the average of the fluctuation product u'v' is
not zero.

Eddy Viscosity and the Mixing Length

Let us define an eddy viscosity or eddy diffusivity for momentum €,; such that

—_— du
T =—pvu' = peyr— [5-60]

dy
We have already likened the macroscopic transport of heat and momentum in turbulent
flow to their molecular counterparts in laminar flow, so the definition in Equation (5-60) is a
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natural consequence of this analogy. To analyze molecular-transport problems one normally
introduces the concept of mean free path, or the average distance a particle travels between
collisions. Prandtl introduced a similar concept for describing turbulent-flow phenomena.
The Prandtl mixing length is the distance traveled, on the average, by the turbulent lumps
of fluid in a direction normal to the mean flow.

Let us imagine a turbulent lump that is located a distance £ above or below the plane
P-P, as shown in Figure 5-12. These lumps of fluid move back and forth across the plane
and give rise to the eddy or turbulent-shear-stress effect. At y+ £ the velocity would be
approximately

u
u(y+&)~u(y) +£—
ay

while at y — ¢,

ou
u(y —8)y~u(y) —4—
dy
Prandtl postulated that the turbulent fluctuation «’ is proportional to the mean of the above
two quantities, or
u' ~f— [5-61]
y
The distance ¢ is called the Prandtl mixing length. Prandtl also postulated that v" would be
of the same order of magnitude as u’ so that the turbulent-shear stress of Equation (5-60)
could be written

9\ 2
_ 5 [ 0u u
g=—pult'=pl* | — ) =pey— [5-62]
ay ay
The eddy viscosity €3 thus becomes
50U
€M = E —_— [5'63]
ay

We have already noted that the eddy properties, and hence the mixing length, vary
markedly through the boundary layer. Many analysis techniques have been applied over the
years to take this variation into account. Prandtl’s hypothesis was that the mixing length is
proportional to distance from the wall, or

=Ky [5-64]

where K is the proportionality constant. The additional assumption was made that in the
near-wall region the shear stress is approximately constant so that 7; &~ 7,,, When this
assumption is used along with Equation (5-64), Equation (5-62) yields

5 o [ Ou 2
Tw=pK"y | —
dy
Taking the square root and integrating with respect to y gives
1 [z

=— /2] C 5-65
= pny+ [5-65]

where C is the constant of integration. Equation (5-65) matches very well with experimental
data except in the region very close to the wall, where the laminar sublayer is present. In
the sublayer the velocity distribution is essentially linear.
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5-8 Turbulent-Boundary-Layer Heat Transfer

Let us now quantify our earlier qualitative description of a turbulent boundary layer
by expressing the shear stress as the sum of a molecular and turbulent part:

T ou
L tean— [5-66]
P ay

The so-called universal velocity profile is obtained by introducing two nondimensional
coordinates

ut = [5-67]

yh= [5-68]
Using these parameters and assuming 7 A constant, we can rewrite Equation (5-66) as

dut = dy*

= e [5-69]

In terms of our previous qualitative discussion, the laminar sublayer is the region where
ey ~ 0, the buffer layer has €37 ~ v, and the turbulent layer has €7 >> v. Therefore, taking
€y =0 in Equation (5-69) and integrating yields

ut = y+ +c
At the wall, ™ =0 for y© =0 so that c =0 and
ut=y* [5-70]

is the velocity relation (a linear one) for the laminar sublayer. In the fully turbulent region
€y /v> 1. From Equation (5-65)
u 1 [, 1

dy KV py

Substituting this relation along with Equation (5-64) into Equation (5-63) gives

€M=K T_wy
V o

Kyt [5-71]
v

or

Substituting this relation in Equation (5-69) for €37/v > 1 and integrating gives
1
T=—Iny" 5-72
u X ny" +c¢ [ ]

This same form of equation will also be obtained for the buffer region. The limits of each
region are obtained by comparing the above equations with experimental velocity measure-
ments, with the following generally accepted constants:

Laminar sublayer: 0 < y© <5 ut=y*
Buffer layer: 5 < y© <30 uT=50lny" —3.05 [5-73]
Turbulent layer: 30 < y* <400 4™ =2.5Iny" +5.5



http://www.abbyy.com/buy
http://www.abbyy.com/buy

CHAPTERS Principles of Convection

The equation set (5-73) is called the universal velocity profile and matches very well
with experimental data; however, we should note once again that the constants in the equa-
tions must be determined from experimental velocity measurements. The satisfying point
is that the simple Prandtl mixing-length model yields an equation form that fits the data
so well.

Turbulent heat transfer is analogous to turbulent momentum transfer. The turbulent
momentum flux postulated by Equation (5-59) carries with it a turbulent energy fluctuation
proportional to the temperature gradient. We thus have, in analogy to Equation (5-62),

q aT

<Z>turb =—pepeirsy [5-74]

or, for regions where both molecular and turbulent energy transport are important,

1 (@t em L [5-75]
—=—pcy(a+e€g)— -
A PCp H 3y

Turbulent Heat Transfer Based on Fluid-Friction Analogy

Various analyses, similar to the one for the universal velocity profile above, have been
performed to predict turbulent-boundary-layer heat transfer. The analyses have met with
good success, but for our purposes the Colburn analogy between fluid friction and heat
transfer is easier to apply and yields results that are in agreement with experiment and of
simpler form.

In the turbulent-flow region, where €37 >> vand € > «, we define the turbulent Prandtl
number as

Pr, =2 [5-76]
€m

If we can expect that the eddy momentum and energy transport will both be increased
in the same proportion compared with their molecular values, we might anticipate that
heat-transfer coefficients can be calculated by Equation (5-56) with the ordinary molecular
Prandtl number used in the computation. In the turbulent core of the boundary layer the
eddy viscosity may be as high as 100 times the molecular value experienced in the laminar
sublayer, and a similar behavior is experienced for the eddy diffusivity for heat compared to
the molecular diffusivity. To account for the Prandtl number effect over the entire boundary
layer a weighted average is needed, and it turns out that use of Pr*/3 works very well and
matches with the laminar heat-transfer—fluid-friction analogy. We thus will base our cal-
culations on this analogy, and we need experimental values for C ¢ for turbulent boundary
layer flows to carry out these computations.

Schlichting [1] has surveyed experimental measurements of friction coefficients for
turbulent flow on flat plates. We present the results of that survey so that they may be
employed in the calculation of turbulent heat transfer with the fluid-friction—heat-transfer
analogy. The local skin-friction coefficient is given by

C e =0.0592 Re;/° [5-77]

for Reynolds numbers between 5 x 10° and 107. At higher Reynolds numbers from 107 to
10? the formula of Schultz-Grunow [8] is recommended:

C 1 =0.370(log Re,) ~>584 [5-78]
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5-8 Turbulent-Boundary-Layer Heat Transfer

The average-friction coefficient for a flat plate with a laminar boundary layer up to Rei
and turbulent thereafter can be calculated from
_ 0.455 A

9
= —(10g ReL)2-584 — R_eL ReL <10 [5'79]

where the constant A depends on Rej; in accordance with Table 5-1. A somewhat simpler
formula can be obtained for lower Reynolds numbers as

— 0074 A

=——__—_""  Re; <10’ 5-80
f Re}‘/s ReL L [ ]

Table 5-1

Regit 3x105 5x105 106 3 x10°

A 1055 1742 3340 8940

Equations (5-79) and (5-80) are in agreement within their common range of applicability,

and the one to be used in practice will depend on computational convenience.

Applying the fluid-friction analogy St Pr*/3 = C /2, we obtain the local turbulent heat

transfer as:
St, Pr¥3=0.0296 Re; /> 5x10° <Re, < 10’ [5-81]

or
St, Pr’/3 =0.185(logRe,) 2% 107 < Rey < 10° [5-82]

The average heat transfer over the entire laminar-turbulent boundary layer is

_ c
St Pr2/3 = Tf [5-83]

For Regit =5 x 10° and Rez, < 107, Equation (5-80) can be used to obtain

St Pr¥/3 =0.037 Re; '/ — 871 Rej ! [5-84]

Recalling that St =Nu/(Rez, Pr), we can rewrite Equation (5-84) as

— AL
Nup ==~ = Pr'/3(0.037 Re® — 871) [5-85]

The average heat-transfer coefficient can also be obtained by integrating the local values
over the entire length of the plate. Thus,

1 Xerit L
h=— </ hiam dx + / hiurb dx)
L 0 Xerit

Using Equation (5-55) for the laminar portion, Regi¢ = 5 x 10°, and Equation (5-81) for the
turbulent portion gives the same result as Equation (5-85). For higher Reynolds numbers
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the friction coefficient from Equation (5-79) may be used, so that
hL
Nug = —= =[0.228Re, (logRey )28 _g711pr!/3 [5-854]

for 107 < Rey, < 10° and Regrit =5 x 10°.

The reader should note that if a transition Reynolds number different from 500,000
is chosen, then Equations (5-84) and (5-85) must be changed accordingly. An alternative
equation is suggested by Whitaker [10] that may give better results with some liquids
because of the viscosity-ratio term:

L 1/4
Nuz =0.036 Pr%+3 (Re¥® — 9200) <’L'°) [5-86]

Hw
for

0.7 < Pr < 380
2x 10° <Rey < 5.5% 10°

026< 22 35
[

All properties except j1,, are evaluated at the free-stream temperature. For gases the viscosity
ratio is dropped and the properties are evaluated at the film temperature.

Constant Heat Flux

For constant-wall-heat flux in turbulent flow it is shown in Reference 11 that the local
Nusselt number is only about 4 percent higher than for the isothermal surface;
that is,

Nu, = 1.04 Nux] [5-87]

Tw:const

Some more comprehensive methods of correlating turbulent-boundary-layer heat trans-
fer are given by Churchill [11].

Turbulent Heat Transfer from

Isothermal Flat Plate

Air at 20°C and 1 atm flows over a flat plate at 35 m/s. The plate is 75 cm long and is maintained
at 60°C. Assuming unit depth in the z direction, calculate the heat transfer from the plate.

B Solution
We evaluate properties at the film temperature:

20+ 60
_0*0 sec=313K

Ty

w=1.906x 107> kg/m-s

Pr=07 k=002723 Wm-°C ¢, =1.007kl/kg-°C
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5-9 Turbulent-Boundary-Layer Thickness

The Reynolds number is
_ pusol  (1.128)(35)(0.75)

06 < 10=5 =1.553 x 10°
0 X

Rey,

and the boundary layer is turbulent because the Reynolds number is greaterthan 5 x 10°. Therefore,
we use Equation (5-85) to calculate the average heat transfer over the plate:

— hL
Nug ==~ =Pr'/3(0.037 Re¥-8 — 871)

=(0.7)!/3[(0.037)(1.553 x 10%)-8 —8711=2180

— — k  (2180)(0.02723)
PENT =T

g =hA(Ty — Too) =(79.1)(0.75)(60 — 20) =2373 W [8150 Btu/h]

=79.1 W/m?-°C [13.9 Btu/h - ft - °F]

5-9 | TURBULENT-BOUNDARY-LAYER THICKNESS

A number of experimental investigations have shown that the velocity profile in a turbulent
boundary layer, outside the laminar sublayer, can be described by a one-seventh-power

relation 17
“ _ (Y ~
= < > [5-88]

Uso 1)

where 8 is the boundary-layer thickness as before. For purposes of an integral analysis the
momentum integral can be evaluated with Equation (5-88) because the laminar sublayer is
so thin. However, the wall shear stress cannot be calculated from Equation (5-88) because
it yields an infinite value at y =0.

To determine the turbulent-boundary-layer thickness we employ Equation (5-17) for the
integral momentum relation and evaluate the wall shear stress from the empirical relations
for skin friction presented previously. According to Equation (5-52),

. _Crpuz
=
2

and so for Re, < 107 we obtain from Equation (5-77)

1/5
7w =0.0296 < ) ou, [5-89]

UocoX

Now, using the integral momentum equation for zero pressure gradient [Equation (5-17)]
along with the velocity profile and wall shear stress, we obtain

)6 w=oome ()"

Integrating and clearing terms gives

s 72 175
=2 (0.0296) <i) x5 5-90)

dx Uso

We shall integrate this equation for two physical situations:
1. The boundary layer is fully turbulent from the leading edge of the plate.
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2. The boundary layer follows a laminar growth pattern up to Rejt =5 x 10° and a tur-
bulent growth thereafter.

For the first case, we integrate Equation (5-89) with the condition that § =0 at x =0 to
obtain

3
— =0.381 Re;!/* [5-91]

X

For case 2 we have the condition

5=8am  at xeir =5 x 105—— [5-92]

Uoo
Now, 812, is calculated from the exact relation of Equation (5-21a):

Stam = 5.0xrit (5 x 10°)~1/2 [5-93]

Integrating Equation (5-89) gives

72 155
5—51m=7(0.0296)< s ) = (#5522 5-94]

Hoo crit
Combining the various relations above gives

3
— =0.381 Re; /> — 10,256 Re ! [5-95]

X

This relation applies only for the region 5 x 10° < Re, < 107,

Turbulent-Boundary-Layer Thickness

Calculate the turbulent-boundary-layer thickness at the end of the plate for Example 5-9, assum-
ing that it develops (@) from the leading edge of the plate and (b) from the transition point at
Regrit =5 x 10°.

B Solution
Since we have already calculated the Reynolds number as Re7, = 1.553 x 10, itisa simple matter
to insert this value in Equations (5-91) and (5-95) along with x = L =0.75 m to give

(@) §=1(0.75)(0.381)(1.553 x 109)702 = 0.0165 m = 16.5 mm [0.65 in]

(b) 8 =(0.75)[(0.381)(1.553 x 10%)792 _10,256(1.553 x 10%)~]
—=0.0099 m = 9.9 mm [0.39 in]

The two values differ by 40 percent.

An overall perspective of the behavior of the local and average heat-transfer coeffi-
cients is indicated in Figure 5-13. The fluid is atmospheric air flowing across an isothermal
flat plate at 1, = 30 m/s, and the calculations were made with Equations (5-55), (5-81), and
(5-85), which assume a value of Recj =5 x 10°. The corresponding value of xj; is
0.2615 m and the plate length is 5.23 m at Re = 107. The corresponding boundary-layer
thickness is plotted in Figure 5-14. As we have noted before, the heat-transfer coefficient
varies inversely with the boundary-layer thickness, and an increase in heat transfer is expe-
rienced when turbulence begins.
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Figure 5-13 | Local and average heat-transfer coefficient for atmospheric airflow over

1000

isothermal flat plate at u~, = 30 m/s (a) semilog scale (b) log scale.
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Figure 5-14 | Boundary-layer thickness for atmospheric air at uso =30 m/s.
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5-10 | HEAT TRANSFER IN LAMINAR TUBE FLOW

Consider the tube-flow system in Figure 5-15. We wish to calculate the heat transfer under
developed flow conditions when the flow remains laminar. The wall temperature is 7,,, the
radius of the tube is r,, and the velocity at the center of the tube is uq. It is assumed that
the pressure is uniform at any cross section. The velocity distribution may be derived by
considering the fluid element shown in Figure 5-16. The pressure forces are balanced by
the viscous-shear forces so that

2 du
wredp =12nr dx =2mrp dx -
»

or
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5-10 Heat Transfer in Laminar Tube Flow

Figure 5-16 | Force balance on fluid element in tube flow.

—— T(27rdx)

(A A

p@H\ j \ | (p+dp)(zr?)

N
~

| |
I dx 1
and L4
U= ——pr2 + const
4 dx
With the boundary condition
u=0 atr=r,
1 dp
=7 =r)
40 dx
the velocity at the center of the tube is given by
rg dp
up=—-—">-—
40 dx
so that the velocity distribution may be written
" r?
uy r’

[5-96]

[5-97]

[5-98]

which is the familiar parabolic distribution for laminar tube flow. Now consider the heat-
transfer process for such a flow system. To simplify the analysis, we assume that there is a

constant heat flux at the tube wall; that is,
dqw
dx

The heat flow conducted into the annular element is

oT
dgy=—k2nrdx —
ar

and the heat conducted out is

arT 3T

dgrygr=—R2n(r+drydx | — + —dr

or or2

The net heat convected out of the element is
27 di or d.
Tr ar pc,u— ax
Pep ox
The energy balance is
Net energy convected out = net heat conducted in

or, neglecting second-order differentials,

aTd dr=k 8T+ Gl dx d;
u—dxdr=k| — +r—= ) dxdr
Per ox or ar2
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1 o (oT\ 10T [5:99]
ur or " o) o dx
We assume that the heat flux at the wall is constant, so that the average fluid temperature
must increase linearly with x, or

which may be rewritten

— =const
ox

This means that the temperature profiles will be similar at various x distances along the
tube. The boundary conditions on Equation (5-98) are

o 0 t 0
— = atr =
ar
E)T}
k— =gy = const
ar r=r,

To obtain the solution to Equation (5-99), the velocity distribution given by Equation (5-98)
must be inserted. It is assumed that the temperature and velocity fields are independent;
that is, a temperature gradient does not affect the calculation of the velocity profile. This is
equivalent to specifying that the properties remain constant in the flow. With the substitution
of the velocity profile, Equation (5-99) becomes

a [ or 10T r?
—|r—)=—7uo|l—=)r
or or o ox rg

aT 19T 2
=——u |5 — 3 )+Ci
2 rs

F—
or o ox

Integration yields

and a second integration gives

p_ LT Pt +Cynr+C
=—— — n
aoxO\4 T Te2) T2

Applying the first boundary condition, we find that
C1=0

The second boundary condition has been satisfied by noting that the axial temperature
gradient 97/0x is constant. The temperature distribution may finally be written in terms of
the temperature at the center of the tube:

T=T, atr=0 so that Cr=T,

T T_laTuorg PN\ 17\ [5-100]
“Tadx 4 7, 4 \r,

The Bulk Temperature

In tube flow the convection heat-transfer coefficient is usually defined by

Local heat flux = ¢” = h(T,, — 13) [5-101]
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5-10 Heat Transfer in Laminar Tube Flow

where T, is the wall temperature and 7} is the so-called bulk temperature, or energy-average
fluid temperature across the tube, which may be calculated from

Jo? p2mr druc,T

T,=T=
b Joo p2mr druc)

[5-102]

The reason for using the bulk temperature in the definition of heat-transfer coefficients for
tube flow may be explained as follows. In a tube flow there is no easily discernible free-
stream condition as is present in the flow over a flat plate. Even the centerline temperature
1. is not easily expressed in terms of the inlet flow variables and the heat transfer. For most
tube- or channel-flow heat-transfer problems, the topic of central interest is the total energy
transferred to the fluid in either an elemental length of the tube or over the entire length
of the channel. At any x position, the temperature that is indicative of the total energy of
the flow is an integrated mass-energy average temperature over the entire flow area. The
numerator of Equation (5-102) represents the total energy flow through the tube, and the
denominator represents the product of mass flow and specific heat integrated over the flow
area. The bulk temperature is thus representative of the total energy of the flow at the
particular location. For this reason, the bulk temperature is sometimes referred to as the
“mixing cup” temperature, since it is the temperature the fluid would assume if placed in a
mixing chamber and allowed to come to equilibrium. For the temperature distribution given
in Equation (5-100), the bulk temperature is a linear function of x because the heat flux at
the tube wall is constant. Calculating the bulk temperature from Equation (5-102), we have

7 ugr? aT
=1+ ——2— 5-103
T 15-103]
and for the wall temperature
T, =T + 3 ugr2 oT [5-104]
YTTO16 o ax
The heat-transfer coefficient is calculated from
aT
g=hA(Ty —Tp)=kA| — [5-105]
ar F=r,
kT,
L1
The temperature gradient is given by
ﬂ} _ T <£ _ ’_32) _ Horo 9T [5-106]
o lymy, o« x\2 4z/,._, 4o Ox
Substituting Equations (5-103), (5-104), and (5-106) in Equation (5-105) gives
24k 48k
S llr,  11d,
Expressed in terms of the Nusselt number, the result is
Nuyg = — =4.364 [5-107]

which is in agreement with an exact calculation by Sellars, Tribus, and Klein [3], that con-
siders the temperature profile as it develops. Some empirical relations for calculating heat
transfer in laminar tube flow will be presented in Chapter 6.
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We may remark at this time that when the statement is made that a fluid enters a tube
at a certain temperature, it is the bulk temperature to which we refer. The bulk temperature
is used for overall energy balances on systems.

5-11 | TURBULENT FLOW IN A TUBE

The developed velocity profile for turbulent flow in a tube will appear as shown in
Figure 5-17. A laminar sublayer, or “film,” occupies the space near the surface, while
the central core of the flow is turbulent. To determine the heat transfer analytically for this
situation, we require, as usual, a knowledge of the temperature distribution in the flow. To
obtain this temperature distribution, the analysis must take into consideration the effect of
the turbulent eddies in the transfer of heat and momentum. We shall use an approximate
analysis that relates the conduction and transport of heat to the transport of momentum in
the flow (i.e., viscous effects).
The heat flow across a fluid element in laminar flow may be expressed by

dr
q__,ar
A dy

Dividing both sides of the equation by pc,
q ar

= —o —
pcpA dy
It will be recalled that « is the molecular diffusivity of heat. In turbulent flow one might
assume that the heat transport could be represented by

q
pepA

dr
=—(a+ep)— [5-108]
dy

where € is an eddy diffusivity of heat.

Equation (5-108) expresses the total heat conduction as a sum of the molecular conduc-
tion and the macroscopic eddy conduction. In a similar fashion, the shear stress in turbulent
flow could be written

T nw du du
—=\—tey | —=Wt+em)— [5-109]
P P dy dy
where €y is the eddy diffusivity for momentum. We now assume that the heat and momen-
tum are transported at the same rate; that is, ey =€y and v=«, or Pr=1.

Dividing Equation (5-108) by Equation (5-109) gives

q
cpAt

du=—dT

An additional assumption is that the ratio of the heat transfer per unit area to the shear
stress is constant across the flow field. This is consistent with the assumption that heat and

Figure 5-17 | Velocity profile in turbulent tube flow.
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5-11 Turbulent Flow in a Tube

momentum are transported at the same rate. Thus

qw

=const =

1 5-110
At ApTw [ |

Then, integrating Equation (5-109) between wall conditions and mean bulk conditions gives

q U=y, Ty
e / du = / —dT
AwTpr 1u=0 w

quwim

AypTycp

S — [5-111]

But the heat transfer at the wall may be expressed by
quw =hAw(Ty —Tp)

and the shear stress may be calculated from

_Aprdd)  Apd,
YT 4nad, . 4 L

The pressure drop may be expressed in terms of a friction factor f by
2

Ap= L ptin [5-112]
D= d, o 5
so that
Ty = gpu; [5-113]
Substituting the expressions for 7,, and ¢,, in Equation (5-111) gives
h Nuy _ f

St =

= == 5-114
pepty,  Reg Pr 8 [ ]

Equation (5-114) is called the Reynolds analogy for tube flow. It relates the heat-transfer
rate to the frictional loss in tube flow and is in fair agreement with experiments when used
with gases whose Prandtl numbers are close to unity. (Recall that Pr =1 was one of the
assumptions in the analysis.)

An empirical formula for the turbulent-friction factor up to Reynolds numbers of about
2 x 107 for the flow in smooth tubes is

0316

= [5-115]
1/4
Re,
Inserting this expression in Equation (5-113) gives
N -
2 —0.0395 Re;; /4
Rey Pr
or
3/4
Nuy =0.0395 Rej; [5-116]

since we assumed the Prandtl number to be unity. This derivation of the relation for turbulent
heat transfer in smooth tubes is highly restrictive because of the Pr 2 1.0 assumption. The
heat-transfer—fluid-friction analogy of Section 5-7 indicated a Prandtl-number dependence
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of Pr?/3 for the flat-plate problem and, as it turns out, this dependence works fairly well for
turbulent tube flow. Equations (5-114) and (5-116) may be modified by this factor to yield

St Pr?/3 = g [5-114a]

Nu, =0.0395 Re./* Pr!/3 [5-116a]

As we shall see in Chapter 6, Equation (5-116a) predicts heat-transfer coefficients that
are somewhat higher than those observed in experiments. The purpose of the discussion at
this point has been to show that one may arrive at a relation for turbulent heat transfer in a
fairly simple analytical fashion. As we have indicated earlier, a rigorous development of the
Reynolds analogy between heat transfer and fluid friction involves considerations beyond
the scope of our discussion, and the simple path of reasoning chosen here is offered for the
purpose of indicating the general nature of the physical processes.

For calculation purposes, a more correct relation to use for turbulent flow in a smooth
tube is Equation (6-4a), which we list here for comparison:

Nuy =0.023 Re%8 pro4 [6-4a]

All properties in Equation (6-4a) are evaluated at the bulk temperature.

5-12 | HEAT TRANSFER IN HIGH-SPEED FLOW

Our previous analysis of boundary-layer heat transfer (Section 5-6) neglected the effects
of viscous dissipation within the boundary layer. When the free-stream velocity is very
high, as in high-speed aircraft, these dissipation effects must be considered. We begin our
analysis by considering the adiabatic case, i.¢., a perfectly insulated wall. In this case the wall
temperature may be considerably higher than the free-stream temperature even though no
heat transfer takes place. This high temperature results from two situations: (1) the increase
in temperature of the fluid as it is brought to rest at the plate surface while the kinetic energy
of the flow is converted to internal thermal energy, and (2) the heating effect due to viscous
dissipation. Consider the first situation. The kinetic energy of the gas is converted to thermal
energy as the gas is brought to rest, and this process is described by the steady-flow energy
equation for an adiabatic process:

u

i0=1ino+ 2 [5-117)]

2gc
where io is the stagnation enthalpy of the gas. This equation may be written in terms of
temperature as

2

1
Cp(TO —Tw)= 2_’400

8e
where Tp is the stagnation temperature and T, is the static free-stream temperature.
Expressed in terms of the free-stream Mach number, it is
1o y—1_,
—=1+—M 5-118
Tw 2 & [ |
where M is the Mach number, defined as M, =uo/a, and a is the acoustic velocity,
which for an ideal gas may be calculated with

a=./vg.RT [5-119]

where R is the gas constant for the particular gas.
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5-12 Heat Transfer in High-Speed Flow

In the actual case of a boundary-layer flow problem, the fluid is not brought to rest
reversibly because the viscous action is basically an irreversible process in a thermodynamic
sense. In addition, not all the free-stream kinetic energy is converted to thermal energy—
part is lost as heat, and part is dissipated in the form of viscous work. To take into account
the irreversibilities in the boundary-layer flow system, a recovery factor is defined by

po il 15-120)
1) — T
where 1;,, is the actual adiabatic wall temperature and 7 is the static temperature of
the free stream. The recovery factor may be determined experimentally, or, for some flow
systems, analytical calculations may be made.

The boundary-layer energy equation

T AT PT  p [ou\?

U—+v—=a—+— |\ —

o dy oyt pep <8y)
has been solved for the high-speed-flow situation, taking into account the viscous-heating
term. Although the complete solution is somewhat tedious, the final results are remarkably
simple. For our purposes we present only the results and indicate how they may be applied.
The reader is referred to Appendix B for an exact solution to Equation (5-22). An excellent
synopsis of the high-speed heat-transfer problem is given in a report by Eckert [4]. Some
typical boundary-layer temperature profiles for an adiabatic wall in high-speed flow are
given in Figure B-3.

The essential result of the high-speed heat-transfer analysis is that heat-transfer rates
may generally be calculated with the same relations used for low-speed incompressible
flow when the average heat-transfer coefficient is redefined with the relation

q=hATy — Tow) [5-121]

Notice that the difference between the adiabatic wall temperature and the actual wall tem-
perature is used in the definition so that the expression will yield a value of zero heat flow
when the wall is at the adiabatic wall temperature. For gases with Prandtl numbers near
unity, the following relations for the recovery factor have been derived:

Laminar flow: r=Pr'/? [5-122]
Turbulent flow: r=Pr'/3 [5-123]

These recovery factors may be used in conjunction with Equation (5-120) to obtain the
adiabatic wall temperature.

In high-velocity boundary layers substantial temperature gradients may occur, and
there will be correspondingly large property variations across the boundary layer. The
constant-property heat-transfer equations may still be used if the properties are introduced
at a reference temperature 7'* as recommended by Eckert:

I*=154+0.50(Ty — 1) + 0.22(Thw — 1) [5-124]
The analogy between heat transfer and fluid friction [Equation (5-56)] may also be used

when the friction coefficient is known. Summarizing the relations used for high-speed heat-
transfer calculations:

Laminar boundary layer (Rey < 5 x 10°):
St* Pr#?/3 =0.332 Re*~1/2 [5-125]



http://www.abbyy.com/buy
http://www.abbyy.com/buy

CHAPTERS Principles of Convection

Turbulent boundary layer (5 x 10° < Re, < 107):
St* Pr#?/3 =0.0296 Re!~!/° [5-126]

Turbulent boundary layer (107 < Rey < 107):
St* Pr*?/3 =0.185(log Re*) %% [5-127]
X X

The superscript * in the above equations indicates that the properties are evaluated at the
reference temperature given by Equation (5-124).

To obtain an average heat-transfer coefficient, the above expressions must be inte-
grated over the length of the plate. If the Reynolds number falls in a range such that
Equation (5-127) must be used, the integration cannot be expressed in closed form, and a
numerical integration must be performed. Care must be taken in performing the integration
for the high-speed heat-transfer problem since the reference temperature is different for the
laminar and turbulent portions of the boundary layer. This results from the different value
of the recovery factor used for laminar and turbulent flow as given by Equations (5-122)
and (5-123).

When very high flow velocities are encountered, the adiabatic wall temperature may
become so high that dissociation of the gas will take place and there will be a very wide
variation of the properties in the boundary layer. Eckert [4] recommends that these prob-
lems be treated on the basis of a heat-transfer coefficient defined in terms of enthalpy
difference:

q=hiAliy — la) [5-128]

The enthalpy recovery factor is then defined as

lgw —1
rp=—= [5-129]
10 — Ioo
where i, is the enthalpy at the adiabatic wall conditions. The same relations as before
are used to calculate the recovery factor and heat-transfer except that all properties are

evaluated at a reference enthalpy i* given by

% =i 4 0.5(in — ico) + 0.2 — i) [5-130]

The Stanton number is redefined as
h;

St; = [5-131]

This Stanton number is then used in Equation (5-125), (5-126), or (5-127) to calculate the
heat-transfer coefficient. When calculating the enthalpies for use in the above relations,
the fotal enthalpy must be used; that is chemical energy of dissociation as well as internal
thermal energy must be included. The reference-enthalpy method has proved successful for
calculating high-speed heat-transfer with an accuracy of better than 10 percent.

High-Speed Heat Transfer for a Flat Plate

A flat plate 70 cm long and 1.0 m wide is placed in a wind tunnel where the flow conditions
are M =3, p= 2—10 atm, and 7= —40°C. How much cooling must be used to maintain the plate
temperature at 35°C?
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5-12 Heat Transfer in High-Speed Flow

B Solution

We must consider the laminar and turbulent portions of the boundary layer separately because the
recovery factors, and hence the adiabatic wall temperatures, used to establish the heat flow will
be different for each flow regime. It turns out that the difference is rather small in this problem,
but we shall follow a procedure that would be used if the difference were appreciable, so that the
general method of solution may be indicated. The free-stream acoustic velocity is calculated from

a=+/yge RTwo = [(1.4)(1.0)(287)(233)]/2 =306 m/s [1003 ft/s]
so that the free-stream velocity is

Uco =1(3)(306) =918 m/s [3012 ft/s]

The maximum Reynolds number is estimated by making a computation based on properties eval-
uated at free-stream conditions:
(1.0132 x 10%)(55)
IOOO ==
(287)(233)
oo =1.434 x 107 kg/m s [0.0347 Ib, /h - fi]
Re ~ (0.0758)(918)(0.70)
L= 34 % 10°3

=0.0758 kg/m> [4.73 x 1073 Ib,, /ft°]

=3.395 x 10°

Thus we conclude that both laminar and turbulent-boundary-layer heat transfer must be considered.
We first determine the reference temperatures for the two regimes and then evaluate properties at
these temperatures.

Laminar portion

et 15w
0=T 1+TM00 =(233)[1+(0.2)(3)° ] =652 K

Assuming a Prandtl number of about 0.7, we have

r=Prl/2 = (0.7y1/2=0.837
Tow—Too  Taw —233

P= =

To—Teo 652 —233

and Ty, =584 K =311°C [592°F]. Then the reference temperature from Equation (5-123) is
T*=2334(0.5)(308 —233) + (0.22)(584 — 233) =347.8 K

Checking the Prandtl number at this temperature, we have

Pr*=0.697

so that the calculation is valid. If there were an appreciable difference between the value of Pr*
and the value used to determine the recovery factor, the calculation would have to be repeated
until agreement was reached.

The other properties to be used in the laminar heat-transfer analysis are

L (10132 x 10%)(1,20)

=0.0508 kg/m°>
(287)(347.8) g/m
w*=2.07x 10> kg/m-s

k*=0.03 W/m-°C [0.0173 Btu/h - ft - °F]
cp*=1.009 k] /kg-°C
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Turbulent portion

Assuming Pr=0.7 gives

r=Prl/3 —0g88= Lav —Too _ Taw =233
To—Tro  652—233

Taw =605 K =332°C
T*=12334(0.5)(308 —233) + (0.22)(605 — 233) =352.3 K
Pr* =0.695

The agreement between Pr* and the assumed value is sufficiently close. The other properties to
be used in the turbulent heat-transfer analysis are

. (10132 x 10%)(1/20)
(287)(352.3)
w*=2.09x 107> kg/m-s
k*=0.0302 W/m-°C  ¢,*=1.009 kJ /kg - °C

=0.0501 kg/m>

Laminar heat transfer

We assume
3
"
5 -5
o (5 x10°)(2.07 x 10—°) —022m
(0.0508)(918)
hx

Nu¥ =~ =0.664 (Re] )12 prel/3

crit
= (0.664)(5 x 10°)1/2(0.697)1/3 = 416.3
(416.3)(0.03)

=56.25 W/m2.°C [9.91 Btu/h - ft2 - °F]
0.222

h

This is the average heat-transfer coefficient for the laminar portion of the boundary layer, and the
heat transfer is calculated from

q=hA(Ty — Taw)
=(56.26)(0.222)(308 — 584)
=—3445W [—11,750 Btu/h]

so that 3445 W of cooling is required in the laminar region of the plate per meter of depth in the
z direction.

Turbulent heat transfer

To determine the turbulent heat transfer we must obtain an expression for the local heat-transfer

coefficient from .
St; Pr#2/3 =0.0296 Ref!/°

and then integrate from x =0.222 m to x = 0.7 m to determine the total heat transfer:

g\ /S
=)

By =Pr¥ ™23 p*u e 5(0.0296) (

Inserting the numerical values for the properties gives

Ty =9434x"1/
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eview Questions

The average heat-transfer coefficient in the turbulent region is determined from

T hydx
= % =111.46 W/m? - °C [19.6 Btu/h - ft® - °F]
5on dX
f0.222
Using this value we may calculate the heat transfer in the turbulent region of the flat plate:
q:EA(Tw — Tow)

=(111.46)(0.7 — 0.222)(308 — 605)
=—15,823 W [—54,006 Btu/h]

The total amount of cooling required is the sum of the heat transfers for the laminar and turbulent
portions:
Total cooling =3445 + 15,823 =19,268 W  [65,761 Btu/h]

These calculations assume unit depth of 1 m in the z direction.

5-13 | SUMMARY

Most of this chapter has been concerned with flow over flat plates and the associated heat
transfer. For convenience of the reader we have summarized the heat-transfer, boundary-
layer thickness, and friction-coefficient equations in Table 5-2 along with the restrictions
that apply. Our presentation of convection heat transfer is incomplete at this time and will be
developed further in Chapters 6 and 7. Even so, we begin to see the structure of a procedure
for solution of convection problems:

1.

6.

Establish the geometry of the situation; for now we are mainly restricted to flow over
flat plates.

Determine the fluid involved and evaluate the fluid properties. This will usually be at
the film temperature.

Establish the boundary conditions (i.e., constant temperature or constant heat flux).
Establish the flow regime as determined by the Reynolds number.

Select the appropriate equation, taking into account the flow regime and any fluid prop-
erty restrictions which may apply.
Calculate the value(s) of the convection heat-transfer coefficient and/or heat transfer.

At the conclusion of Chapter 7 we shall give a general procedure for all convection problems
and the information contained in Table 5-2 will comprise one ingredient in the overall recipe.
The interested reader may wish to consult Section 7-14 and Figure 7-15 for a preview of
this information and some perspective of the way the material in the present chapter fits in.

REVIEW QUESTIONS

b=

What is meant by a hydrodynamic boundary level?
Define the Reynolds number. Why is it important?
What is the physical mechanism of viscous action?
Distinguish between laminar and turbulent flow in a physical sense.
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Table 5-2 | Summary of equations for flow over flat plates. Properties evaluated at 7¢ = (T, + 7o) /2 unless otherwise noted.

Flow regime

Restrictions

Equation

Equation number

Heat transfer

Laminar, local Ty =const, Rey <5 x 105, Nu, =0.332 prl/3 Re,l/2 (5-44)
0.6 <Pr <50
. 5 0.3387 Rel/? prl/3
Laminar, local Ty =const, Rey <5 x 10°, Nu; = - X SYTRRYE. (5-51)
Re, Pr > 100 {H(OO%B) / }
Pr
: _ 5 _ 1/2 5173
Laminar, local gw =const, Rey <5 x 107, Nu, =0.453 Re,’~ Pr (5-48)
0.6 <Pr <50
. s 0.4637 Rel/? pr!/3
Laminar, local gw =const, Rey <5 x 10 Nu, = - X 73 (5-51)
|4 (00207 2/3
Pr
Laminar, average Rey <5 x 105, Ty = const Nuz =2 Nuy—z, = 0.664 RelL/2 prl/3 (5-46)
Laminar, local Ty =const, Rey <5 x 105, Nuy =0.564(Rey Pr)l/2
Pr « 1 (liquid metals)
—~1/3
Laminar, local Ty = const, starting at Nu, =0.332 prl/3 Re,l/2 [l - (%)3/4] (5-43)
x=2Xx0, Rey <5 x 105,
0.6 <Pr <50
Turbulent, local Ty =const, 5 x 105 < Rey < 107 Sty Pr2/3 =0.0296 Re; 02 (5-81)
Turbulent, local Ty = const, 107 < Re, < 109 Sty Pr2/3 =0.185 (log Rex)_2'584 (5-82)
Turbulent, local qw =const, 5 x 105 < Rey, < 107 Nuy = 1.04 Nu,7w=const (5-87)
Laminar-turbulent, T,, = const, Re,; < 107, StPr2/3 =0.037 Re; %% — 871 Re; ! (5-84)
average Regit =5 x 10° Nuz =Pr!/3(0.037 Re%8 — 871) (5-85)
_ 1/4
Laminar-turbulent, Ty = const, Rey < 107, Nuz = 0.036 Prl43 (Rel8 — 9200) <//%>> (5-86)
average liquids, p at T,
pw at Ty
High-speed flow T =const, Same as for low-speed flow with
q=hA(Ty — Taw) properties evaluated at
T  =Too +0.5(Ty — Too) + 0.22(T 0 — Tno) (5-124)
r=(Taw—Teo)/ To — Teo)
=recovery factor
=prl/2 (laminar)
=prl/3 (turbulent)
Boundary-layer thickness
. 5 s —1/2
Laminar Rey <5 x 10 +=5.0Rey (5-21a)
Turbulent Rey < 107, 80381 Re; (5-91)
§=0atx=0
Turbulent 5% 10% < Rey < 107, 8 =0.381 Re; /° 10,256 Re; ! (5-95)
Regig =5 x 107,
8 =38jam at Regrit
Friction coefficients
Laminar, local Rey <5 x 109 Cpy=0.332 Re;l/2 (5-54)
Turbulent, local 5% 105 < Rey < 107 Cpe=00592Re; /° (5-77)
Turbulent, local 107 < Rey, < 10° Cfy=0.37(logRey) 284 (5-78)
9 . 0.455 A
Turbulent, average Reg it <Rey < 10 Cy= TogRe; 2558 ~ Rep (5-79)

A from Table 5-1
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Problems

10.

11.
12.
13.

. What is the momentum equation for the laminar boundary layer on a flat plate? What

assumptions are involved in the derivation of this equation?

How is the boundary-layer thickness defined?

What is the energy equation for the laminar boundary layer on a flat plate? What
assumptions are involved in the derivation of this equation?

What is meant by a thermal boundary layer?

Define the Prandtl number. Why is it important?

Describe the physical mechanism of convection. How is the convection heat-transfer
coefficient related to this mechanism?

Describe the relation between fluid friction and heat transfer.
Define the bulk temperature. How is it used?
How is the heat-transfer coefficient defined for high-speed heat-transfer calculations?

LIST OF WORKED EXAMPLES

5-1 Water flow in a diffuser

5-2 Isentropic expansion of air

5-3 Mass flow and boundary-layer thickness

5-4 TIsothermal flat plate heated over entire length

5-5 Flat plate with constant heat flux

5-6 Plate with unheated starting length

5-7 Oil flow over heated flat plate

5-8 Drag force on a flat plate

5-9 Turbulent heat transfer from isothermal flat plate
5-10 Turbulent-boundary-layer thickness

5-11

High-speed heat transfer for a flat plate

PROBLEMS

5-1

A certain nozzle is designed to expand air from stagnation conditions of 1.38 MPa
and 200°C to 0.138 MPa. The mass rate of flow is designed to be 4.5 kg/s. Suppose
this nozzle is used in conjunction with a blowdown wind-tunnel facility so that the
nozzle is suddenly allowed to discharge into a perfectly evacuated tank. What will the
temperature of the air in the tank be when the pressure in the tank equals 0.138 MPa?
Assume that the tank is perfectly insulated and that air behaves as a perfect gas.
Assume that the expansion in the nozzle is isentropic.

5-2 Using a linear velocity profile

5-3

u y

Usg O
for a flow over a flat plate, obtain an expression for the boundary-layer thickness as
a function of x.
Using the continuity relation

ou 8v_

—+—=0
ax oy
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5-4
55

5-6

5-7

5-8

5-9

5-10

5-11

5-12

5-13

5-14

5-15

5-16

CHAPTERS Principles of Convection

along with the velocity distribution

u 3y 1<y>3
oo 28 2\3

and the expression for the boundary-layer thickness

5 4.64

x  4/Rey
derive an expression for the y component of velocity v as a function of x and y.
Calculate the value of v at the outer edge of the boundary layer at distances of 6 and
12 in from the leading edge for the conditions of Example 5-3.

Repeat Problem 5-3 for the linear velocity profile of Problem 5-2.
Using the linear-velocity profile in Problem 5-2 and a cubic-parabola temperature
distribution [Equation (5-30)], obtain an expression for heat-transfer coefficient as a
function of the Reynolds number for a laminar boundary layer on a flat plate.
Air at 20 kPa and 5°C enters a 2.5-cm-diameter tube at a velocity of 1.5 m/s. Using a
flat-plate analysis, estimate the distance from the entrance at which the flow becomes
fully developed.
Oxygen at a pressure of 2 atm and 27°C blows across a 50-cm-square plate at a
velocity of 30 m/s. The plate temperature is maintained constant at 127°C. Calculate
the total heat lost by the plate.
A fluid flows between two large parallel plates. Develop an expression for the velocity
distribution as a function of distance from the centerline between the two plates under
developed flow conditions.
Using the energy equation given by Equation (5-32), determine an expression for
heat-transfer coefficient under the conditions

-1, y

U = Uso = const ﬁzs—
oo T Lw t

where §; is the thermal-boundary-layer thickness.

Derive an expression for the heat transfer in a laminar boundary layer on a flat plate
under the condition # = u, = constant. Assume that the temperature distribution is
given by the cubic-parabola relation in Equation (5-30). This solution approximates
the condition observed in the flow of a liquid metal over a flat plate.

Show that 33 /8y> =0 at y =0 for an incompressible laminar boundary layer on a
flat plate with zero-pressure gradient.

Review the analytical developments of this chapter and list the restrictions that apply
to the following equations: (5-25), (5-26), (5-44), (5-46), (5-85), and (5-107).
Calculate the ratio of thermal-boundary-layer thickness to hydrodynamic-boundary-
layer thickness for the following fluids: air at 1 atm and 20°C, water at 20°C, helium
at 1 atm and 20°C, liquid ammonia at 20°C, glycerine at 20°C.

For water flowing over a flat plate at 15°C and 3 m/s, calculate the mass flow through
the boundary layer at a distance of 5 cm from the leading edge of the plate.

Air at 90°C and 1 atm flows over a flat plate at a velocity of 30 m/s. How thick is the
boundary layer at a distance of 2.5 cm from the leading edge of the plate?

Air flows over a flat plate at a constant velocity of 20 m/s and ambient conditions of
20 kPa and 20°C. The plate is heated to a constant temperature of 75°C, starting at
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Problems

5-17

5-18

5-19

5-20

5-21

5-22

5-23

5-24

5-25

5-26

5-27

5-28

5-29

5-30

5-31

5-32

a distance of 7.5 cm from the leading edge. What is the total heat transfer from the
leading edge to a point 35 cm from the leading edge?

Water at 15°C flows between two large parallel plates at a velocity of 1.5 m/s. The
plates are separated by a distance of 15 mm. Estimate the distance from the leading
edge where the flow becomes fully developed.

Air at standard conditions of 1 atm and 27°C flows over a flat plate at 20 m/s. The
plate is 60 cm square and is maintained at 97°C. Calculate the heat transfer from the
plate.

Air at 7 kPa and 35°C flows across a 30-cm-square flat plate at 7.5 m/s. The plate is
maintained at 65°C. Estimate the heat lost from the plate.

Air at 90°C and atmospheric pressure flows over a horizontal flat plate at 60 m/s. The
plate is 60 cm square and is maintained at a uniform temperature of 10°C. What is
the total heat transfer?

Nitrogen at 2 atm and 500 K flows across a 40-cm-square plate at a velocity of 25 m/s.
Calculate the cooling required to maintain the plate surface at a constant temperature
of 300 K.

Plot the heat-transfer coefficient versus length for flow overa 1-m-long flat plate under
the following conditions: (@) helium at 1 1b/in? abs, 80°F, us, = 10 ft/s [3.048 m/s];
(b) hydrogen at 1 Ib/in? abs, 80°F, us =10 ft/s; (c) air at 1 Ib/in®> abs, 80°F,
oo =10 fi/s; (d) water at 80°F, uo, =10 fi/s; (e) helium at 20 1b/in® abs, 80°F,
Uoo = 10 ft/s.

Calculate the heat transfer from a 20-cm-square plate over which air flows at 35°C
and 14 kPa. The plate temperature is 250°C, and the free-stream velocity is 6 m/s.
Air at 20 kPa and 20°C flows across a flat plate 60 cm long. The free-stream velocity
is 30 m/s, and the plate is heated over its total length to a temperature of 55°C. For
x =30 cm, calculate the value of y for which u will equal 22.5 m/s.

For the flow system in Problem 5-24, calculate the value of the friction coefficient at
a distance of 15 cm from the leading edge.

Air at a pressure of 200 kPa and free-stream temperature of 27°C flows over a square
flat plate at a velocity of 30 m/s. The Reynolds number is 10° at the edge of the plate.
Calculate the heat transfer for an isothermal plate maintained at 57°C.

Calculate the boundary layer thickness at the edge of the plate for the flow system in
Problem 5-26. State the assumptions.

Air at 5°C and 70 kPa flows over a flat plate at 6 m/s. A heater strip 2.5 cm long
is placed on the plate at a distance of 15 cm from the leading edge. Calculate the
heat lost from the strip per unit depth of plate for a heater surface temperature
of 65°C.

Air at 1 atm and 27°C blows across a large concrete surface 15 m wide maintained
at 55°C. The flow velocity is 4.5 m/s. Calculate the convection heat loss from the
surface.

Air at 300 K and 75 kPa flows over a 1-m-square plate at a velocity of 45 m/s. The
plate is maintained at a constant temperature of 400 K. Calculate the heat lost by the
plate.

A horizontal flat plate is maintained at 50°C and has dimensions of 50 cm by 50 cm.
Air at 50 kPa and 10°C is blown across the plate at 20 m/s. Calculate the heat lost
from the plate.

Air flows across a 20-cm-square plate with a velocity of 5 m/s. Free-stream conditions
are 10°C and 0.2 atm. A heater in the plate surface furnishes a constant heat-flux
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5-33

5-34

5-35

5-36

5-37

5-38

5-39

5-40

5-41

5-42

5-43

5-44
5-45

5-46

5-47
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condition at the wall so that the average wall temperature is 100°C. Calculate the
surface heat flux and the value of % at an x position of 10 cm.

Calculate the flow velocity necessary to produce a Reynolds number of 107 for flow
across a 1-m-square plate with the following fluids: (a) water at 20°C, (b) air at 1 atm
and 20°C, (¢) Freon 12 at 20°C, (d) ammonia at 20°C, and (e) helium at 20°C.
Calculate the average heat-transfer coefficient for each of the cases in Problem 5-31
assuming all properties are evaluated at 20°C.

Calculate the boundary-layer thickness at the end of the plate for each case in
Problem 5-33.

A blackened plate is exposed to the sun so that a constant heat flux of 800 W/m? is
absorbed. The back side of the plate is insulated so that all the energy absorbed is
dissipated to an airstream that blows across the plate at conditions of 25°C, 1 atm,
and 3 m/s. The plate is 25 cm square. Estimate the average temperature of the plate.
What is the plate temperature at the trailing edge?

Air at 0.5 atm pressure and 27°C flows across a 34-cm-square plate at a velocity of
20 m/s. The plate temperature is maintained at 127°C. Calculate the heat lost by the
plate.

Helium at 3 atm and 73°C flows across a 35-cm-square plate that is maintained at
a surface temperature of 113°C. The free-stream velocity is 50 m/s. Calculate the
convection heat lost by the plate.

Air at 1 atm and 300 K blows across a 50-cm-square flat plate at a velocity such that
the Reynolds number at the downstream edge of the plate is 1.1 x 10°. Heating does
not begin until halfway along the plate and then the surface temperature is 400 K.
Calculate the heat transfer from the plate.

Air at 20°C and 14 kPa flows at a velocity of 150 m/s past a flat plate 1 m long that is
maintained at a constant temperature of 150°C. What is the average heat-transfer rate
per unit area of plate?

Derive equations equivalent to Equation (5-85) for critical Reynolds numbers of
3% 10°, 105, and 3 x 10°.

Assuming that the local heat-transfer coefficient for flow on a flat plate can be rep-
resented by Equation (5-81) and that the boundary layer starts at the leading edge of
the plate, determine an expression for the average heat-transfer coefficient.

A 10-cm-square plate has an electric heater installed that produces a constant heat
flux. Water at 10°C flows across the plate at a velocity of 3 m/s. What is the total heat
which can be dissipated if the plate temperature is not to exceed 80°C?

Repeat Problem 5-41 for air at 1 atm and 300 K.

Helium at 1 atm and 300 K is used to cool a I-m-square plate maintained at 500 K.
The flow velocity is 50 m/s. Calculate the total heat loss from the plate. What is the
boundary-layer thickness as the flow leaves the plate?

A light breeze at 10 mi/h blows across a metal building in the summer. The height of
the building wall is 3.7 m, and the width is 6.1 m. A net energy flux of 347 W/m?
from the sun is absorbed in the wall and subsequently dissipated to the surrounding
air by convection. Assuming that the air is 27°C and 1 atm and blows across the wall
as on a flat plate, estimate the average temperature the wall will attain for equilibrium
conditions.

The bottom of a corn-chip fryer is 10 ft long by 3 ft wide and is maintained at a
temperature of 420°F. Cooking oil flows across this surface at a velocity of 1 ft/s
and has a free-stream temperature of 400°F. Calculate the heat transfer to the oil and
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estimate the maximum boundary-layer thickness. Properties of the oil may be taken
as v=2x 1070 m?/s, k=0.12 W/m - °C, and Pr = 40.

Air at 27°C and 1 atm blows over a 4.0-m-square flat plate at a velocity of 40 m/s.
The plate temperature is 77°C. Calculate the total heat transfer.

The roof of a building is 30 m by 60 m, and because of heat loading by the sun it
attains a temperature of 300 K when the ambient air temperature is 0°C. Calculate the
heat loss from the roof for a mild breeze blowing at 5 mi/h across the roof (. =30 m).
Airat 1 atmand 30°C flows overa 15-cm-square plate ata velocity of 10 m/s. Calculate
the maximum boundary layer thickness.

Nitrogen at 1 atm and 300 K blows across a horizontal flat plate at a velocity of
33 m/s. The plate has a constant surface temperature of 400 K. Calculate the heat lost
by the plate if the plate dimensions are 60 cm by 30 cm with the longer dimension in
the direction of flow. Express in watts.

Helium at atmospheric pressure and 30°C flows across a square plate at a free-
stream velocity of 15 m/s. Calculate the boundary layer thickness at a position where
Rey =250, 000.

Suppose the Reynolds number in problem 5-52 is attained at the edge of the plate,
and the plate is maintained at a constant temperature of 60°C. Calculate the heat lost
by the plate.

Airat 0.2 MPa and 25°C flows over a square flat plate at a velocity of 60 m/s. The plate
is 0.5 m on a side and is maintained at a constant temperature of 150°C. Calculate
the heat lost from the plate.

Helium at a pressure of 150 kPa and a temperature of 20°C flows across a I-m-square
plate at a velocity of 50 m/s. The plate is maintained at a constant temperature of
100°C. Calculate the heat lost by the plate.

Air at 50 kPa and 250 K flows across a 2-m-square plate at a velocity of 20 m/s. The
plate is maintained at a constant temperature of 350 K. Calculate the heat lost by the
plate.

Nitrogen at 50 kPa and 300 K flows over a flat plate at a velocity of 100 m/s. The
length of the plate is 1.2 m and the plate is maintained at a constant temperature of
400 K. Calculate the heat lost by the plate.

Hydrogen at 2 atm and 15°C flows across a l-m-square flat plate at a velocity of
6 m/s. The plate is maintained at a constant temperature of 139°C. Calculate the heat
lost by the plate.

Liquid ammonia at 10°C is forced across a square plate 40 cm on a side at a velocity
of 5 m/s. The plate is maintained at 50°C. Calculate the heat lost by the plate.
Helium flows across a 1.0-m-square plate at a velocity of 50 m/s. The helium is at a
pressure of 45 kPa and a temperature of 50°C. The plate is maintained at a constant
temperature of 136°C. Calculate the heat lost by the plate.

Air at 0.1 atm flows over a flat plate at a velocity of 300 m/s. The plate temperature is
maintained constant at 100°C and the free-stream air temperature is 10°C. Calculate
the heat transfer for a plate that is 80 cm square.

Water at 21°C flows across a 30-cm-square flat plate at a velocity of 6 m/s. The plate
is maintained at a constant temperature of 54°F. Calculate the heat lost by the plate.
Plot &, versus x for air at 1 atm and 300 K flowing at a velocity of 30 m/s across a
flat plate. Take Regit = 5 x 10° and use semilog plotting paper. Extend the plot to an
x value equivalent to Re = 10°. Also plot the average heat-transfer coefficient over
this same range.
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Air flows over a flat plate at 1 atm and 350 K with a velocity of 30 m/s. Calculate the
mass flow through the boundary layer at x locations where Re, = 10° and 10”.
Air flows with a velocity of 6 m/s across a 20-cm-square plate at 50 kPa and 300 K.
An electrical heater is installed in the plate such that it produces a constant heat flux.
What is the total heat that can be dissipated if the plate temperature cannot exceed
600 K?
“Slug” flow in a tube may be described as that flow in which the velocity is constant
across the entire flow area of the tube. Obtain an expression for the heat-transfer
coefficient in this type of flow with a constant-heat-flux condition maintained at the
wall. Compare the results with those of Section 5-10. Explain the reason for the
difference in answers on a physical basis.
Compare the average heat transfer coefficients for the following three situations:
(a) airflow at 1 atm and 300 K across a flat plate such that Re;, = 10°; (b) helium flow
at 1 atm and 300 K across a flat plate with the same values of pu~, and L as in (a);
(c) Flow of liquid water at 300 K across a flat plate with the same values of pu, and
L asin (a).

Evaluate all properties at 7=300 K. What do you conclude from this
comparison?
Air at 1.2 atm and 27°C flows across a 60-cm-square plate at a free-stream velocity
of 40 m/s. The plate is maintained at a constant temperature of 177°C. Calculate the
heat lost by one side of the plate.
Air at 50.66 kPa and —23°C blows across a square flat plate that is maintained at
a constant temperature of 77°C. The free-stream velocity is 30 m/s and the plate is
50 cm on each side. Calculate the heat lost from the plate, expressed in watts.
Helium at a pressure of 200 kPa and —18°C flows over a flate plate at a velocity
of 20 m/s. The plate is maintained at a constant temperature of 93°C. If the plate is
30 cm square, calculate the heat loss expressed in watts.
Assume that the velocity distribution in the turbulent core for tube flow may be
represented by

u P\
Z_(1-L
Uc 7o

where u, is the velocity at the center of the tube and r,, is the tube radius. The velocity
in the laminar sublayer may be assumed to vary linearly with the radius. Using the
friction factor given by Equation (5-115), derive an equation for the thickness of the
laminar sublayer. For this problem the average flow velocity may be calculated using
only the turbulent velocity distribution.

Using the velocity profile in Problem 5-71, obtain an expression for the eddy diffu-
sivity of momentum as a function of radius.

In heat-exchanger applications, it is frequently important to match heat-transfer
requirements with pressure-drop limitations. Assuming a fixed total heat-transfer
requirement and a fixed temperature difference between wall and bulk conditions
as well as a fixed pressure drop through the tube, derive expressions for the length
and diameter of the tube, assuming turbulent flow of a gas with the Prandtl number
near unity.

Water flows in a 2.5-cm-diameter pipe so that the Reynolds number based on diameter
is 1500 (laminar flow is assumed). The average bulk temperature is 35°C. Calculate the
maximum water velocity in the tube. (Recall that u«,, = 0.51¢.) What would the heat-
transfer coefficient be for such a system if the tube wall was subjected to a constant heat
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flux and the velocity and temperature profiles were completely developed? Evaluate
properties at bulk temperature.

A slug flow is encountered in an annular-flow system that is subjected to a constant
heat flux at both the inner and outer surfaces. The temperature is the same at both
inner and outer surfaces at identical x locations. Derive an expression for the temper-
ature distribution in such a flow system, assuming constant properties and laminar
flow.

Airat Mach 4 and 3 Ib/in? abs, 0°F, flows past a flat plate. The plate is to be maintained
at a constant temperature of 200°F. If the plate is 18 in long, how much cooling will
be required to maintain this temperature?

Air flows over an isothermal flat plate maintained at a constant temperature of 65°C.
The velocity of the air is 600 m/s at static properties of 15°C and 7 kPa. Calculate the
average heat-transfer coefficient for a plate 1 m long.

Air at 7 kPa and —40°C flows over a flat plate at Mach 4. The plate temperature is
35°C, and the plate length is 60 cm. Calculate the adiabatic wall temperature for the
laminar portion of the boundary layer.

A wind tunnel is to be constructed to produce flow conditions of Mach 2.8 at
Too =—40°C and p=0.05 atm. What is the stagnation temperature for these con-
ditions? What would be the adiabatic wall temperature for the laminar and turbulent
portions of a boundary layer on a flat plate? If a flat plate were installed in the tunnel
such that Re; = 107, what would the heat transfer be for a constant wall temperature
of 0°C?

Compute the drag force exerted on the plate by each of the systems in Problem 5-22.
Glycerin at 30°C flows past a 30-cm-square flat plate at a velocity of 1.5 m/s. The
drag force is measured as 8.9 N (both sides of the plate). Calculate the heat-transfer
coefficient for such a flow system.

Calculate the drag (viscous-friction) force on the plate in Problem 5-23 under the
conditions of no heat transfer. Do not use the analogy between fluid friction and
heat transfer for this calculation; that is, calculate the drag directly by evaluating the
viscous-shear stress at the wall.

Nitrogen at 1 atm and 20°C is blown across a 130-cm-square flat plate at a velocity
of 3.0 m/s. The plate is maintained at a constant temperature of 100°C. Calculate the
average-friction coefficient and the heat transfer from the plate.

Using the velocity distribution for developed laminar flow in a tube, derive an expres-
sion for the friction factor as defined by Equation 5-112.

Engine oil at 10°C flows across a 15-cm-square plate upon which is imposed a
constant heat flux of 10 kW/m?2. Determine («) the average temperature difference,
(b) the temperature difference at the trailing edge, and (c) the average heat-transfer
coefficient. Use the Churchill relation [Equation (5-51)]. us = 0.5 m/s.

Work Problem 5-85 for a constant plate surface temperature equal to that at the trailing
edge, and determine the total heat transfer.

Forairat25°C and 1 atm, with a free-stream velocity of 45 m/s, calculate the length of
a flat plate to produce Reynolds numbers of 5 x 10° and 108. What are the boundary-
layer thicknesses at these Reynolds numbers?

Determine the boundary-layer thickness at Re = 5 x 10° for the following fluids flow-
ing over a flat plate at 20 m/s: (a) air at 1 atm and 10°C, (b) saturated liquid water
at 10°C, (c) hydrogen at 1 atm and 10°C, (d) saturated liquid ammonia at 10°C, and
(e) saturated liquid Freon 12 at 10°C.
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Many of the heat-transfer relations for flow over a flat plate are of the form
hyx "
Nu, = e = C Ref f(Pr)

Obtain an expression for hr / hyx=r in terms of the constants C and »n.

Compare Equations (5-51) and (5-44) for engine oil at 20°C and a Reynolds number
0f 10,000.

Airat 1 atm and 300 K blows across a square plate 75 cm on a side that is maintained
at 350 K. The free-stream velocity is 45 m/s. Calculate the heat transfer and drag
force on one side of the plate. Also calculate the heat transfer for just the laminar
portion of the boundary layer.

Taking the critical Reynolds number as 5 x 10° for Problem 5-87, calculate the
boundary-layer thickness at this point and at the trailing edge of the plate assuming
(a) laminar flow to Recrjt and turbulent thereafter and (b) turbulent flow from the
leading edge.

If the plate temperature in Problem 5-91 is raised to 500 K while keeping the free-
stream conditions the same, calculate the total heat transfer evaluating properties at
(a) free-stream conditions, () film temperature, and (c¢) wall temperature. Comment
on the results.

Airat250K and 1 atm blows across a 30-cm-square plate at a velocity of 10 m/s. The
plate maintains a constant heat flux of 700 W/m?. Determine the plate temperatures
at x locations of 1, 5, 10, 20, and 30 cm.

Engine oil at 20°C is forced across a 20-cm-square plate at 10 m/s. The plate surface
is maintained at 40°C. Calculate the heat lost by the plate and the drag force for one
side of an unheated plate.

Alarge flat plate 4.0 m long and 1.0 m wide is exposed to an atmospheric air at 27°C
with a velocity of 30 mi/h in a direction parallel to the 4.0-m dimension. If the plate
is maintained at 77°C, calculate the total heat loss. Also calculate the heat flux in
watts per square meter at x locations of 3 cm, 50 cm, 1.0 m, and 4.0 m.

Air at 1 atm and 300 K blows across a 10-cm-square plate at 30 m/s. Heating does
not begin until x=>5.0 cm, after which the plate surface is maintained at 400 K.
Calculate the total heat lost by the plate.

For the plate and flow conditions of Problem 5-97, only a 0.5-cm strip centered at
x=15.0 cm is heated to 400 K. Calculate the heat lost by this strip.

Two 20-cm-square plates are separated by a distance of 3.0 cm. Air at 1 atm, 300 K,
and 15 m/s enters the space separating the plates. Will there be interference between
the two boundary layers?

Water at 15.6°C flows across a 20-cm-square plate with a velocity of 2 m/s. A thin
strip, 5 mm wide, is placed on the plate at a distance of 10 cm from the leading edge.
If the strip is heated to a temperature of 37.8°C, calculate the heat lost from the strip.
Air at 300 K and 4 atm blows across a 10-cm-square plate at a velocity of 35 m/s.
The plate is maintained at a constant temperature of 400 K. Calculate the heat lost
from the plate.

An electric heater is installed on the plate of Problem 5-97 that will produce a
constant heat flux of 1000 W/m? for the same airflow conditions across the plate.
What is the maximum temperature that will be experienced by the plate surface?
In a certain application the critical Reynolds number for flow over a flat plate is 10°.
Air at 1 atm, 300 K, and 10 m/s flows across an isothermal plate with this critical
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5-104

5-105

5-106

Reynolds number, and with a plate temperature of 400 K. The Reynolds number at
the end of the plate is 5 x 10°. What will the average heat transfer coefficient be for
this system? How long is the plate? What is the heat lost from the plate?

Calculate the average heat transfer coefficient for the flow conditions of Problem
5-103, but with a critical Reynolds number of 5 x 10°. What is the heat lost by the
plate in this circumstance?

Glycerin at 10°C flows across a 30-cm-square plate with a velocity of 2 m/s. The
plate surface is isothermal at 30°C. Calculate the heat lost by the plate.

Ethylene glycol at 20°C flows across an isothermal plate maintained at 0°C. The
plate is 20 cm square and the Reynolds number at the end of the plate is 100,000.
Calculate the heat gained by the plate.

Design-Oriented Problems

5-107 Alow-speed wind tunnel is to be designed to study boundary layers up to Re, = 107

5-108

with air at 1 atm and 25°C. The maximum flow velocity that can be expected from an
existing fan system is 30 m/s. How long must the flat-plate test-section be to produce
the required Reynolds numbers? What will the maximum boundary-layer thickness
be under these conditions? What would the maximum boundary-layer thicknesses
be for flow velocities at 7 m/s and 12 m/s?

Using Equations (5-55), (5-81), and (5-82) for the local heat transfer in their respec-
tive ranges, obtain an expression for the average heat transfer coefficient, or Nusselt
number, over the range 5 x 10° < Rey, < 10° with Regit = 5 x 10°. Use a numerical
technique to perform the necessary integration and a curve fit to simplify the results.

5-109 An experiment is to be deligned to demonstrate measurement of heat loss for water

5-110

flowing over a flat plate. The plate is 30 cm square and it will be maintained nearly
constant in temperature at 50°C while the water temperature will be about 10°C.
(a) Calculate the flow velocities necessary to study a range of Reynolds numbers
from 10* to 107. (b) Estimate the heat-transfer coefficients and heat-transfer rates
for several points in the specified range.

Consider the flow of air over a flat plate under laminar flow conditions at 1 atm.
Investigate the influence of temperature on the heat transfer coefficient by examin-
ing five cases with constant free-stream temperature of 20°C, constant free-stream
velocity, and surface temperatures of 50, 100, 150, 250, and 350°C. What do you
conclude from this analysis? From the results, determine an approximate variation
of the heat-transfer coefficient with absolute temperature for air at 1 atm.
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CHAPTER

6-1 | INTRODUCTION

The discussion and analyses of Chapter 5 have shown how forced-convection heat transfer
may be calculated for several cases of practical interest; the problems considered, however,
were those that could be solved in an analytical fashion. In this way, the principles of the
convection process and their relation to fluid dynamics were demonstrated, with primary
emphasis being devoted to a clear understanding of physical mechanism. Regrettably, it is
not always possible to obtain analytical solutions to convection problems, and the individual
is forced to resort to experimental methods to obtain design information, as well as to secure
the more elusive data that increase the physical understanding of the heat-transfer processes.

Results of experimental data are usually expressed in the form of either empirical
formulas or graphical charts so that they may be utilized with a maximum of generality. It
is in the process of trying to generalize the results of one’s experiments, in the form of some
empirical correlation, that difficulty is encountered. If an analytical solution is available
for a similar problem, the correlation of data is much easier, since one may guess at the
functional form of the results, and hence use the experimental data to obtain values of
constants or exponents for certain significant parameters such as the Reynolds or Prandtl
numbers. If an analytical solution for a similar problem is not available, the individual must
resort to intuition based on physical understanding of the problem, or shrewd inferences
that one may be able to draw from the differential equations of the flow processes based
upon dimensional or order-of-magnitude estimates. In any event, there is no substitute for
physical insight and understanding.

To show how one might proceed to analyze a new problem to obtain an important
functional relationship from the differential equations, consider the problem of determining
the hydrodynamic-boundary-layer thickness for flow over a flat plate. This problem was
solved in Chapter 5, but we now wish to make an order-of-magnitude analysis of the
differential equations to obtain the functional form of the solution. The momentum equation

ou ou 8u

Ma-ﬁ-va—y—vﬁ

must be solved in conjunction with the continuity equation

ou 8v_

—+—=0
ax oy
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Within the boundary layer we may say that the velocity u is of the order of the free-
stream velocity u . Similarly, the y dimension is of the order of the boundary-layer thick-
ness 8. Thus

U™~ oo

y~9

and we might write the continuity equation in an approximate form as
ou n dv 0
ax Ay
Uoo U
— 4+ -=0
X 8

or
Uosod

v~
X

Then, by using this order of magnitude for v, the analysis of the momentum equation

would yield

ou ou 82u

_ PV— = V——
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5§~ | —

Uoo
Dividing by x to express the result in dimensionless form gives

v 1

UsoX  +/Rey

This functional variation of the boundary-layer thickness with the Reynolds number and x
position is precisely that which was obtained in Section 5-4. Although this analysis is rather
straightforward and does indeed yield correct results, the order-of-magnitude analysis may
not always be so fortunate when applied to more complex problems, particularly those
involving turbulent- or separated-flow regions. Nevertheless, one may often obtain valuable
information and physical insight by examining the order of magnitude of various terms in
a governing differential equation for the particular problem at hand.

A conventional technique used in correlation of experimental data is that of dimensional
analysis, in which appropriate dimensionless groups such as the Reynolds and Prandtl
numbers are derived from purely dimensional and functional considerations. There is, of
course, the assumption of flow-field and temperature-profile similarity for geometrically
similar heating surfaces. Generally speaking, the application of dimensional analysis to
any new problem is extremely difficult when a previous analytical solution of some sort is
not available. It is usually best to attempt an order-of-magnitude analysis such as the one
above if the governing differential equations are known. In this way it may be possible to
determine the significant dimensionless variables for correlating experimental data. In some

8
X
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CHAPTER 6 Empirical and Practical Relations for Forced-Convection Heat Transfer

complex flow and heat-transfer problems a clear physical model of the processes may not
be available, and the engineer must first try to establish this model before the experimental
data can be correlated.

Schlichting [6], Giedt [7], and Kline [28] discuss similarity considerations and their
use in boundary-layer and heat-transfer problems.

The purpose of the foregoing discussion has not been to emphasize or even to imply any
new method for solving problems, but rather to indicate the necessity of applying intuitive
physical reasoning to a difficult problem and to point out the obvious advantage of using any
and all information that may be available. When the problem of correlation of experimental
data for a previously unsolved situation is encountered, one must frequently adopt devious
methods to accomplish the task.

6-2 | EMPIRICAL RELATIONS FOR PIPE
AND TUBE FLOW

The analysis of Section 5-10 has shown how one might analytically attack the problem of
heat transfer in fully developed laminar tube flow. The cases of undeveloped laminar flow,
flow systems where the fluid properties vary widely with temperature, and turbulent-flow
systems are considerably more complicated but are of very important practical interest in the
design of heat exchangers and associated heat-transfer equipment. These more complicated
problems may sometimes be solved analytically, but the solutions, when possible, are very
tedious. For design and engineering purposes, empirical correlations are usually of greatest
practical utility. In this section we present some of the more important and useful empirical
relations and point out their limitations.

The Bulk Temperature

First let us give some further consideration to the bulk-temperature concept that is important
in all heat-transfer problems involving flow inside closed channels. In Chapter 5 we noted
that the bulk temperature represents energy average or “mixing cup” conditions. Thus, for
the tube flow depicted in Figure 6-1 the total energy added can be expressed in terms of a
bulk-temperature difference by

q:mcp(TbQ - Tbl) [6'1]

provided ¢, is reasonably constant over the length. In some differential length dx the heat
added dg can be expressed either in terms of a bulk-temperature difference or in terms of

Figure 6-1 | Total heat transfer in terms of
bulk-temperature difference.

q

- /
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6-2 Empirical Relations for Pipe and Tube Flow

the heat-transfer coefficient

dq = rnc,dTy, = hQur)dx (T, — Tp) [6-2]

where 73, and T are the wall and bulk temperatures at the particular x location. The total
heat transfer can also be expressed as

q=hA(Ty —Tpay [6-3]

where A is the total surface area for heat transfer. Because both T, and 7; can vary
along the length of the tube, a suitable averaging process must be adopted for use with
Equation (6-3). In this chapter most of our attention will be focused on methods for deter-
mining /2, the convection heat-transfer coefficient. Chapter 10 will discuss different methods
for taking proper account of temperature variations in heat exchangers.

A traditional expression for calculation of heat transfer in fully developed turbulent
flow in smooth tubes is that recommended by Dittus and Boelter [1]:*

Nug =0.023 ReJ*pr” [6-4a]

The properties in this equation are evaluated at the average fluid bulk temperature, and the
exponent n has the following values:

ne 0.4 for heating of the fluid
1 0.3 for cooling of the fluid

Equation (6-4) is valid for fully developed turbulent flow in smooth tubes for fluids with
Prandtl numbers ranging from about 0.6 to 100 and with moderate temperature differences
between wall and fluid conditions. More recent information by Gnielinski [45] suggests
that better results for turbulent flow in smooth tubes may be obtained from the following:

Nu =0.0214(Re® — 100) P [6-4b]
for 0.5 < Pr < 1.5 and 10* < Re < 5 x 10° or
Nu =0.012(Re*%” —280)Pr?* [6-4c]

for 1.5 < Pr < 500 and 3000 < Re < 10.

One may ask the reason for the functional form of Equation (6-4). Physical reasoning,
based on the experience gained with the analyses of Chapter 5, would certainly indicate a
dependence of the heat-transfer process on the flow field, and hence on the Reynolds number.
The relative rates of diffusion of heat and momentum are related by the Prandtl number, so
that the Prandtl number is expected to be a significant parameter in the final solution. We
can be rather confident of the dependence of the heat transfer on the Reynolds and Prandtl
numbers. But the question arises as to the correct functional form of the relation; that is,
would one necessarily expect a product of two power functions of the Reynolds and Prandtl
numbers? The answer is that one might expect this functional form since it appears in the
flat-plate analytical solutions of Chapter 5, as well as the Reynolds analogy for turbulent
flow in tubes. In addition, this type of functional relation is convenient to use in correlating
experimental data, as described below.

*Equation (6-4a) is a rather famous equation in the annals of convection heat transfer, but it appears [47] that the
constant 0.023 and exponents 0.4 and 0.3 were actually recommended by McAdams [10, 2nd ed., 1942] as a meld
between the values given in Reference 1 and those suggested by Colburn [15].
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CHAPTER 6 Empirical and Practical Relations for Forced-Convection Heat Transfer

Suppose a number of experiments are conducted with measurements taken of heat-
transfer rates of various fluids in turbulent flow inside smooth tubes under different temper-
ature conditions. Different-diameter tubes may be used to vary the range of the Reynolds
number in addition to variations in the mass-flow rate. We wish to generalize the results
of these experiments by arriving at one empirical equation that represents all the data. As
described above, we may anticipate that the heat-transfer data will be dependent on the
Reynolds and Prandtl numbers. A power function for each of these parameters is a simple
type of relation to use, so we assume

Nu, = CRe,;™Pr”

where C, m, and n are constants to be determined from the experimental data.

Alog-log plot of Nu, versus Rey is first made for one fluid to estimate the dependence
of the heat transfer on the Reynolds number (i.e., to find an approximate value of the
exponent m). This plot is made for one fluid at a constant temperature, so that the influence
of'the Prandtl number will be small, since the Prandtl number will be approximately constant
for the one fluid. By using this first estimate for the exponent m, the data for all fluids are
plotted as log(Nu; /Re;™) versus log Pr, and a value for the exponent » is determined. Then,
by using this value of n, all the data are plotted again as log(Nuy /Pr”*) versus log Re,, and
a final value of the exponent m is determined as well as a value for the constant C. An
example of this final type of data plot is shown in Figure 6-2. The final correlation equation
may represent the data within £25 percent.

Readers should recognize that obtaining empirical correlations for convection heat
transfer phenomena is not as simple as the preceding discussion might imply. The “data

Figure 6-2 | Typical data correlation for forced convection in smooth
tubes, turbulent flow.
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6-2 Empirical Relations for Pipe and Tube Flow

Figure 6-3 | Influence of heating on velocity profile in
laminar tube flow.

Liquid heating, gas cooling
Isothermal flow
Gas heating,
liquid cooling

points” shown in Figure 6-2 are entirely fictitious and more consistent than normally might
be encountered. Careful attention must be given to experiment design to minimize experi-
mental uncertainties that can creep into the final data correlation. A very complete discussion
of the design of an experiment for measurement of convection heat transfer in smooth tubes
is given in Reference 51, along with an extensive discussion of techniques for estimating the
propagation of experimental uncertainties and the methods for obtaining the best correlation
equation for the available data.

If wide temperature differences are present in the flow, there may be an appreciable
change in the fluid properties between the wall of the tube and the central flow. These
property variations may be evidenced by a change in the velocity profile as indicated in
Figure 6-3. The deviations from the velocity profile for isothermal flow as shown in this
figure are a result of the fact that the viscosity of gases increases with an increase in
temperature, while the viscosities of liquids decrease with an increase in temperature.

To take into account the property variations, Sieder and Tate [2] recommend the
following relation:

0.14
Nuy = 0.027 Re}8pr!/3 <i) [6-5]
Mw

All properties are evaluated at bulk-temperature conditions, except (t,, Which is evaluated
at the wall temperature.

Equations (6-4) and (6-5) apply to fully developed turbulent flow in tubes. In the
entrance region the flow is not developed, and Nusselt [3] recommended the following
equation:

d 0.055 L
Nug =0.036 Re®*Pr!/3 ( = for 10 < = < 400 [6-6]
d L d

where L is the length of the tube and d is the tube diameter. The properties in Equation (6-6)
are evaluated at the mean bulk temperature. Hartnett [24] has given experimental data on
the thermal entrance region for water and oils. Definitive studies of turbulent transfer with
water in smooth tubes and at uniform heat flux have been presented by Allen and Eckert [25].

The above equations offer simplicity in computation, but uncertainties on the order of
425 percent are not uncommon. Petukhov [42] has developed a more accurate, although
more complicated, expression for fully developed turbulent flow in smooth tubes:

3 (f/8) Re,Pr <ﬁ)”
T LO7H 127(f/8)2(Pr23 — 1) \

Nuy [6-7]

where n =0.11 for 13, > 15, n =0.25 for 1}, < 13, and n =0 for constant heat flux or for
gases. All properties are evaluated at 1y = (15, + 1,) /2 except for u4z, and fi,,. The friction
factor may be obtained either from Figure 6-4 or from the following for smooth tubes:

f=(1.82 log;oRey — 1.64) 2 [6-8]
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Figure 6-4 | Friction factors for pipes, from Reference 5.
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Equation (6-7) is applicable for the following ranges:

0.5 < Pr <200 for 6 percent accuracy
0.5 < Pr <2000 for 10 percent accuracy
10* < Rey <5 x 10°
0.8 < up/y <40
Hausen [4] presents the following empirical relation for fully developed laminar flow
in tubes at constant wall temperature:
0.0668(d/L) Re,Pr

Nu, = 3.66
Ud 1 +0.04[(d/L) Re,Pr]?/3

[6-9]

The heat-transfer coefficient calculated from this relation is the average value over the entire
length of tube. Note that the Nusselt number approaches a constant value of 3.66 when the
tube is sufficiently long. This situation is similar to that encountered in the constant-heat-
flux problem analyzed in Chapter 5 [Equation (5-107)], except that in this case we have a
constant wall temperature instead of a linear variation with length. The temperature profile
is fully developed when the Nusselt number approaches a constant value.

A somewhat simpler empirical relation was proposed by Sieder and Tate [2] for laminar

heat transfer in tubes:
L A\1/3 " 0.14
Nuy = 1.86(Re Pr)!/3 <—) <—) [6-10]
L Haw

In this formula the average heat-transfer coefficient is based on the arithmetic average of
the inlet and outlet temperature differences, and all fluid properties are evaluated at the

€/D=0.000,001
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6-2 Empirical Relations for Pipe and Tube Flow

mean bulk temperature of the fluid, except 1,,, which is evaluated at the wall temperature.
Equation (6-10) obviously cannot be used for extremely long tubes since it would yield a zero
heat-transfer coefficient. A comparison by Knudsen and Katz [9, p. 377] of Equation (6-10)
with other relationships indicates that it is valid for

d
ReysPr— > 10
L

The product ofthe Reynolds and Prandtl numbers that occurs in the laminar-flow correlations
is called the Peclet number.

__dupcp
ok

The calculation of laminar heat-transfer coefficients is frequently complicated by the pres-
ence of natural-convection effects that are superimposed on the forced-convection effects.
The treatment of combined forced- and free-convection problems is discussed in Chapter 7.

The empirical correlations presented above, with the exception of Equation (6-7), apply
to smooth tubes. Correlations are, in general, rather sparse where rough tubes are concerned,
and it is sometimes appropriate that the Reynolds analogy between fluid friction and heat
transfer be used to effect a solution under these circumstances. Expressed in terms of the
Stanton number,

Pe

=Re,Pr [6-11]

s S
Sty P == 6-12
b XTIy 3 [ ]
The friction coefficient f is defined by
ap= Lot [6-13]
P=S P,

where u,, is the mean flow velocity. Values of the friction coefficient for different roughness
conditions are shown in Figure 6-4. An empirical relation for the friction factor for rough
tubes is given in References [49, 50] as

f=1325/ [1n(8/3.7d) + 5.74/Reg~9]2 [6-13a]

for 107% < ¢/d < 1073 and 5000 < Re, < 108,

Note that the relation in Equation (6-12) is the same as Equation (5-114), except that the
Stanton number has been multiplied by Pr?/3 to take into account the variation of the thermal
properties of different fluids. This correction follows the recommendation of Colburn [15],
and is based on the reasoning that fluid friction and heat transfer in tube flow are related to
the Prandtl number in the same way as they are related in flat-plate flow [Equation (5-56)]. In
Equation (6-12) the Stanton number is based on bulk temperature, while the Prandtl number
and friction factor are based on properties evaluated at the film temperature. Further informa-
tion on the effects of tube roughness on heat transfer is given in References 27,29, 30, and 31.

If the channel through which the fluid flows is not of circular cross section, it is recom-
mended that the heat-transfer correlations be based on the hydraulic diameter Dy, defined by

D 44 6-14
n=" [6-14]
where A is the cross-sectional area of the flow and P is the wetted perimeter. This particular
grouping of terms is used because it yields the value of the physical diameter when applied
to a circular cross section. The hydraulic diameter should be used in calculating the Nusselt
and Reynolds numbers, and in establishing the friction coefficient for use with the Reynolds
analogy.
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Although the hydraulic-diameter concept frequently yields satisfactory relations for
fluid friction and heat transfer in many practical problems, there are some notable excep-
tions where the method does not work. Some of the problems involved in heat transfer in
noncircular channels have been summarized by Irvine [20] and Knudsen and Katz [9]. The
interested reader should consult these discussions for additional information.

Shah and London [40] have compiled the heat-transfer and fluid-friction information
for fully developed laminar flow in ducts with a variety of flow cross sections, and some
of the resulting relations are shown in Table 6-1. In this table the following nomenclature
applies, with the Nusselt and Reynolds numbers based on the hydraulic diameter of the flow
cross-section area:

Nuy = average Nusselt number for uniform heat flux in flow direction and
uniform wall temperature at particular flow cross section
Nur = average Nusselt number for uniform wall temperature
JRep, /4 =product of friction factor and Reynolds number based on hydraulic diameter

Table 6-1| Heat transfer and fluid friction for fully developed laminar flow in ducts of various cross
sections. Average Nusselt numbers based on hydraulic diameters of cross sections.

Nugy Nup
Geometry Constant axial Constant axial
(L/Dy, > 100) wall heat flux wall temperature S Rep, /4
60° 3.111 247 13.333
b b_\3
a2
a
b b _ 3.608 2.976 14.227
E - 1
a
<:> 4.002 3.34 15.054
b1 4.123 3.391 15.548
b E = E
a
Q 4.364 3.657 16.000
5.331 4.44 18.23
b _ 1
U
a
b1 4.79 3.96 17.25
24
a
b1 6.490 5.597 20.585
[ e R
a
b 8.235 7.541 24.000
2-0
Heated 5.385 4.861 24.000
£
2-0

Insulated
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Figure 6-5 | Local and average Nusselt numbers for circular tube thermal
entrance regions in fully developed laminar flow.

\\
15
N \

At
5 \\ N \
Z NN [N
- \ \
E 10 N . L
% \ \\ u uy, g,, = const
E N N
7N H
% N = Nu, T, = const
ED \\\ /
§ 5 \\\ \
: Nead TS 4364
§ Nud’ Tw = const A7 — 1] 766
>_1 . —]

0

3x107* 1073 1072 10-! 0.3

Gz™'= (x/d)/Re Pr, Inverse Graetz number

Figure 6-6 | Turbulent thermal entry Nusselt numbers for circular tubes
with g, = constant.

L Re, =2 x10°
“— | =1 x105 p Pr=001
=5 x 10*

\
L\

—]
L—

Nu,

Pr=0.7Re;=5x 10*to 2 x 103

Nu,,
/
/
/

Re;=1 x10°

E—

—

30 40



http://www.abbyy.com/buy
http://www.abbyy.com/buy

CHAPTER 6 Empirical and Practical Relations for Forced-Convection Heat Transfer

Kays [36] and Sellars, Tribus, and Klein (Reference 3, Chapter 5) have calculated the
local and average Nusselt numbers for laminar entrance regions of circular tubes for the
case of a fully developed velocity profile. Results of these analyses are shown in Figure 6-5
in terms of the inverse Graetz number, where

d
Graetz number = Gz =Re Pr— [6-15]
X

Entrance Effects in Turbulent Flow

Entrance effects for turbulent flow in tubes are more complicated than for laminar flow
and cannot be expressed in terms of a simple function of the Graetz number. Kays [36]
has computed the influence for several values of Re and Pr with the results summarized
in Figure 6-6. The ordinate is the ratio of the local Nusselt number to that a long distance
from the inlet, or for fully developed thermal conditions. In general, the higher the Prandtl
number, the shorter the entry length. We can see that the thermal entry lengths are much
shorter for turbulent flow than for the laminar counterpart.

A very complete survey of the many heat-transfer correlations that are available for
tube and channel flow is given by Kakac, Shah, and Aung [46].

Turbulent Heat Transfer in a Tube

Air at 2 atm and 200°C is heated as it flows through a tube with a diameter of 1 in (2.54 cm)
at a velocity of 10 m/s. Calculate the heat transfer per unit length of tube if a constant-heat-flux
condition is maintained at the wall and the wall temperature is 20°C above the air temperature, all
along the length of the tube. How much would the bulk temperature increase over a 3-m length of
the tube?

B Solution

We first calculate the Reynolds number to determine if the flow is laminar or turbulent, and then
select the appropriate empirical correlation to calculate the heat transfer. The properties of air at a
bulk temperature of 200°C are

== 1493 kg/m] 0.0932 by, /ft>
P=RT (287)(473) g/m” m /R

Pr =0.681
u=257x10"kg/m-s  [0.0622 Ib,, /h- ft]
k=0.0386 W/m-°C  [0.0223 Btu/h - ft - °F]

cp=1.025kI/kg-°C

 pumd  (1.493)(10)(0.0254)

R
& 257 x 10-5

= 14,756

so that the flow is turbulent. We therefore use Equation (6-4a) to calculate the heat-transfer
coefficient.

hd
Nug = -~ =0.023 Re)8 PrO4 = (0.023)(14,756)%8(0.681)%4 = 42.67

kN _(0.0386)(42.67)

h=— =
e 0.0254

v =64.85W/m%.°C  [11.42 Btu/h - ft2- °F]

The heat flow per unit length is then

% =hrd(Ty — Tp) = (64.85)7(0.0254)(20) = 103.5 W/m  [107.7 Btu/ft]

287
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We can now make an energy balance to calculate the increase in bulk temperature in a 3.0-m length

of tube:

. q
= AT, =L| —
q=mcpATy (L)

We also have
&? 0.0254)2
it = o 0 = (1.493)(10y7 202°
4 4
=7.565x 1073 kg/s [0.0167 1bs, /s]
so that we insert the numerical values in the energy balance to obtain

(7.565 x 10_3)(1025)ATb =(3.0)(103.5)

and
AT, =40.04°C [104.07°F]

Heating of Water in Laminar Tube Flow

Water at 60°C enters a tube of 1-in (2.54-cm) diameter at a mean flow velocity of 2 cm/s. Calculate
the exit water temperature if the tube is 3.0 m long and the wall temperature is constant at 80°C.

B Solution
We first evaluate the Reynolds number at the inlet bulk temperature to determine the flow regime.
The properties of water at 60°C are

p=985kg/m> ¢, =4.18kI/kg-°C

u=471x10"*kg/m-s  [1.139Ib,/h-ft]
k=0.651 Wm-°C  Pr=3.02
_ pumd _ (985)(0.02)(0.0254)

Re
d 471 % 104

=1062

so the flow is laminar. Calculating the additional parameter, we have

d  (1062)(3.02)(0.0254)

Re, Pr— = =27.1 1
eer 3 7.15>10

so Equation (6-10) is applicable. We do not yet know the mean bulk temperature to evaluate
properties so we first make the calculation on the basis of 60°C, determine an exit bulk temperature,
and then make a second iteration to obtain a more precise value. When inlet and outlet conditions
are designated with the subscripts 1 and 2, respectively, the energy balance becomes

b Iy +Tp .
g=hmndL <1w - %) :mcp(sz - Tbl) la]

At the wall temperature of 80°C we have

pw=3.55x 10"* kg/m s

From Equation (6-10)

1/3 0.14
(1062><3.02><0.0254>] (ﬂ) —53816

Nuy = (1.86
ua = )[ 3 3.55

kNuy;  (0.651)(5.816) 2 o 2 o
h= = =149.1 : 0 U
b 0.0254 9.1 W/m~."°C [26.26 Btu/h - ft~ - °F]
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The mass flow rate is

. wd? (985)7(0.0254)2(0.02)
m=p——uy, =

n . =9.982 x 1073 kg/s

Inserting the value for / into Equation (a) along with 7z and 73, =60°C and T, =80°C gives

Ty, + 60
2

(149.1)7(0.0254)(3.0) (80 = = (9.982 x 1073)(4180) (T3, — 60) [b]

This equation can be solved to give
Ty, =71.98°C
Thus, we should go back and evaluate properties at
71.98 + 60

Tb,mean — T — 660C

We obtain
p=982kg/m>  ¢,=4185J/kg-°C  pu=436x10"*kg/m-s

k=0.656 W/m-°C  Pr=2.78
(1062)(4.71)

Rey =1147
436
d  (1147)(2.78)(0.0254
Re Przz( X 738)(00 ) 27,00

Nuy = (1.86)(27.00) 3355 =5.743

he (0.656)(5.743)

= 148.3 W/m?2.°C
0.0254

We insert this value of / back into Equation (a) to obtain

Ty, =71.88°C  [161.4°F]

The iteration makes very little difference in this problem. If a large bulk-temperature difference
had been encountered, the change in properties could have had a larger effect.

Heating of Air in Laminar Tube

Flow for Constant Heat Flux

Air at 1 atm and 27°C enters a 5.0-mm-diameter smooth tube with a velocity of 3.0 m/s. The length
of the tube is 10 cm. A constant heat flux is imposed on the tube wall. Calculate the heat transfer
if the exit bulk temperature is 77°C. Also calculate the exit wall temperature and the value of /
at exit.

B Solution
We first must evaluate the flow regime and do so by taking properties at the average bulk

temperature

— 27477
Ty=21 "1 _s53°c =325k
2

v=1822x10"%m%s  Pr=0.703  k=0.02814 W/m - °C

ud  (3)(0.005)
Pl m o = (W) o a
4= T 1822 10-6 la]
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so that the flow is laminar. The tube length is rather short, so we expect a thermal entrance effect
and shall consult Figure 6-5. The inverse Graetz number is computed as

41 ox 0.1
Gz 1= == =0.0346
ResPrd — (823)(0.703)(0.005)

Therefore, for ¢,, = constant, we obtain the Nusselt number at exit from Figure 6-5 as

hd d
Nu=— =47=—2¥C 5]
3 (T — Th)k

The total heat transfer is obtained in terms of the overall energy balance:
g=rcp (sz - Tbl)

At entrance p=1.1774 kg/m3, so the mass flow is
i = (1.1774)7(0.0025)%(3.0) = 6.94 x 107> kg/s

and
q=1(6.94 x 10_5)(1006)(77 —27)=3.49W

Thus we may find the heat transfer without actually determining wall temperatures or values of 4.
However, to determine 7, we must compute g, for insertion in Equation (b). We have
q=quwrndlL =349 W
and
quw = 2222 W/m?
Now, from Equation ()
(2222)(0.005)

T — Tp)yel, = —— 2 —84°C
(T = Tp)x=L (4.7)(0.02814)

The wall temperature at exit is thus

Topleer, = 84+ 77 = 161°C

and the heat-transfer coefficient is
qw 2222
(Tw —Tpx=, 84

o — =26.45 W/m? - °C

Heating of Air with Isothermal Tube Wall

Repeat Example 6-3 for the case of constant wall temperature.

B Solution
We evaluate properties as before and now enter Figure 6-5 to determine Nu, for Ty, = constant.
For Gz~ ! =0.0346 we read

Nu, =5.15

We thus calculate the average heat-transfer coefficient as

k) _ (5.15)(0.02814)

2 o
£ —29.98 W/m2-°C
d 0.005 9-98 W/m

h=(5.15)<
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We base the heat transfer on a mean bulk temperature of 52°C, so that
q=nhndL(Ty, —Tp) =349 W

and
Tw=76.67+52=128.67°C

Heat Transfer in a Rough Tube

A 2.0-cm-diameter tube having a relative roughness of 0.001 is maintained at a constant wall
temperature of 90°C. Water enters the tube at 40°C and leaves at 60°C. If the entering velocity is
3 m/s, calculate the length of tube necessary to accomplish the heating.

H Solution
We first calculate the heat transfer from

qg=mcp AT}, = (989)(3.0)71(0.01)2(4174)(60 —40)=77,812 W

For the rough-tube condition, we may employ the Petukhov relation, Equation (6-7). The mean
film temperature is

90 450
Ty = 0 _ 70°C
2
and the fluid properties are
p=978kg/m>  pu=4.0x10"*kg/m-s
k=0.664 W/m-°C Pr=2.54

Also,

wp=555x%10"*kg/m-s

pw=2.81 x 10~% kg/m s
The Reynolds number is thus

_ (978)(3)(0.02)

Re
4T 104

=146,700

Consulting Figure 6-4, we find the friction factor as
fS=0.0218 J78=0.002725

Because Ty, > Tj,, we take n =0.11 and obtain

(0.002725)(146,700)(2.54) (5.55)‘“1
Nuy = b
1.07 + (12.7)¢0.002725)1/2(2.542/3 — 1) \ 2.81
= 666.8
.8)(0.664
h= % — 22138 W/m? - °C

The tube length is then obtained from the energy balance

q=hmdL(Ty —Tp)=177,812 W
L=140m
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Turbulent Heat Transfer in a Short Tube

Air at 300 K and 1 atm enters a smooth tube having a diameter of 2 cm and length of 10 cm.
The air velocity is 40 m/s. What constant heat flux must be applied at the tube surface to
result in an air temperature rise of 5°C? What average wall temperature would be necessary for
this case?

B Solution
Because of the relatively small value of L/d = 10/2 =5 we may anticipate that thermal entrance
effects will be present in the flow. First, we determine the air properties at 300 K as

v=15.69 x 10 °m%/s  k=0.02624W/m-°C  Pr=0.7
cp=1006J/kg-°C  p=1.18kg/m>
We calculate the Reynolds number as

Rey =ud/v=(40)(0.02)/15.69 x 1070 =50,988

so the flow is turbulent. Consulting Figure 6-6 for this value of Rey, Pr = 0.7, and L/d =5
we find
Nuy/Nuo, =1.15

or the heat-transfer coefficient is about 15 percent higher that it would be for thermally developed
flow. We calculate the heat-transfer coefficient for developed flow using

Nug = 0.023 ReJ8pr04
=0.023(50988)%8(0.7)04 = 116.3

and
I = kNuy /d = (0.02624)(116.3)/0.02 = 152.6 W/m? - °C

Increasing this value by 15 percent,

h=(1.15)(152.6) = 175.5 W/m2 - °C

The mass flow is
1 = puAe = (1.18)(40)7(0.02)2 /4 = 0.0148 kg /s

so the total heat transfer is
g=rcpA Ty = (0.0148)(1006)(5) = 74.4 W
This heat flow is convected from a tube surface area of
A=mdL=7(0.02)(0.1) = 0.0628 m?
so the heat flux is
g/A=74.4/0.0628 = 11841 W/m? = h(Ty, — T)
We have

Tp=(300+305)/2=302.5K

so that

Tyw=Tp+11841/175.5=302.5+67.5=370K



http://www.abbyy.com/buy
http://www.abbyy.com/buy

CHAPTER 6 Empirical and Practical Relations for Forced-Convection Heat Transfer

6-3 | FLOW ACROSS CYLINDERS AND SPHERES

While the engineer may frequently be interested in the heat-transfer characteristics of flow
systems inside tubes or over flat plates, equal importance must be placed on the heat transfer
that may be achieved by a cylinder in cross flow, as shown in Figure 6-7. As would be
expected, the boundary-layer development on the cylinder determines the heat-transfer
characteristics. As long as the boundary layer remains laminar and well behaved, it is
possible to compute the heat transfer by a method similar to the boundary-layer analysis of
Chapter 5. It is necessary, however, to include the pressure gradient in the analysis because
this influences the boundary-layer velocity profile to an appreciable extent. In fact, it is this
pressure gradient that causes a separated flow region to develop on the back side of the
cylinder when the free-stream velocity is sufficiently large.

The phenomenon of boundary-layer separation is indicated in Figure 6-8. The physical
reasoning that explains the phenomenon in a qualitative way is as follows: Consistent with
boundary-layer theory, the pressure through the boundary layer is essentially constant at
any x position on the body. In the case of the cylinder, one might measure x distance from
the front stagnation point of the cylinder. Thus the pressure in the boundary layer should
follow that of the free stream for potential flow around a cylinder, provided this behavior
would not contradict some basic principle that must apply in the boundary layer. As the
flow progresses along the front side of the cylinder, the pressure would decrease and then
increase along the back side of the cylinder, resulting in an increase in free-stream velocity
on the front side of the cylinder and a decrease on the back side. The transverse velocity (that
velocity parallel to the surface) would decrease from a value of u, at the outer edge of the
boundary layer to zero at the surface. As the flow proceeds to the back side of the cylinder,
the pressure increase causes a reduction in velocity in the free stream and throughout the

Figure 6-7 | Cylinder in cross flow.

Flow p,, u., ﬂ /)
~_9’

Figure 6-8 | Velocity distributions indicating flow separation
on a cylinder in cross flow.

&
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boundary layer. The pressure increase and reduction in velocity are related through the
Bernoulli equation written along a streamline:

L)
o 2gc

Since the pressure is assumed constant throughout the boundary layer, we note that reverse
flow may begin in the boundary layer near the surface; that is, the momentum of the fluid
layers near the surface is not sufficiently high to overcome the increase in pressure. When the
velocity gradient at the surface becomes zero, the flow is said to have reached a separation
point:

a
Separation point at —Mi| =0
3y |y—o

This separation point is indicated in Figure 6-8. As the flow proceeds past the separation
point, reverse-flow phenomena may occur, as also shown in Figure 6-8. Eventually, the
separated-flow region on the back side of the cylinder becomes turbulent and random in
motion.

The drag coefficient for bluff bodies is defined by

2
Plhoo

2gc

Drag force= Fp=CpA [6-16]

where Cp is the drag coefficient and A is the frontal area of the body exposed to the
flow, which, for a cylinder, is the product of diameter and length. The values of the drag
coefficient for cylinders and spheres are given as a function of the Reynolds number in
Figures 6-9 and 6-10.

The drag force on the cylinder is a result of a combination of frictional resistance and
so-called form, or pressure drag, resulting from a low-pressure region on the rear of the
cylinder created by the flow-separation process. At low Reynolds numbers of the order

Figure 6-9 | Drag coefficient for circular cylinders as a function of the Reynolds number,
from Reference 6.
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Figure 6-10 | Drag coefficient for spheres as a function of the Reynolds number, from
Reference 6.
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of unity, there is no flow separation, and all the drag results from viscous friction. At
Reynolds numbers of the order of 10, the friction and form drag are of the same order,
while the form drag resulting from the turbulent separated-flow region predominates at
Reynolds numbers greater than 1000. At Reynolds numbers of approximately 10°, based
on diameter, the boundary-layer flow may become turbulent, resulting in a steeper velocity
profile and extremely late flow separation. Consequently, the form drag is reduced, and this
is represented by the break in the drag-coefficient curve at about Re =3 x 10°. The same
reasoning applies to the sphere as to the circular cylinder. Similar behavior is observed with
other bluff bodies, such as elliptic cylinders and airfoils.

The flow processes discussed above obviously influence the heat transfer from a heated
cylinder to a fluid stream. The detailed behavior of the heat transfer from a heated cylinder
to air has been investigated by Giedt [7], and the results are summarized in Figure 6-11. At
the lower Reynolds numbers (70,800 and 101,300) a minimum point in the heat-transfer
coefficient occurs at approximately the point of separation. There is a subsequent increase
in the heat-transfer coefficient on the rear side of the cylinder, resulting from the turbulent
eddy motion in the separated flow. At the higher Reynolds numbers two minimum points
are observed. The first occurs at the point of transition from laminar to turbulent boundary
layer, and the second minimum occurs when the turbulent boundary layer separates. There
is a rapid increase in heat transfer when the boundary layer becomes turbulent and another
when the increased eddy motion at separation is encountered.

Because of the complicated nature of the flow-separation processes, it is not possi-
ble to calculate analytically the average heat-transfer coefficients in cross flow; however,
McAdams [10] was able to correlate the data of a number of investigators for heating and
cooling of air as shown in the plot of Figure 6-12. The data points have been omitted,
but scatter of £20 percent is not uncommon. The Prandtl number was not included in the
original correlation plot because it is essentially constant at about 0.72 for all the data. Fol-
lowing the reasoning of Prandtl number dependence indicated by Equation (5-85), Knudsen
and Katz [9] suggested that the correlation be extended to liquids by inclusion of Pr!/3,
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Figure 6-11 | Local Nusselt number for heat
transfer from a cylinder in cross
flow, from Reference 7.
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The resulting correlation for average heat-transfer coefficients in cross flow over circular
cylinders is

hd d\"
Nugs = — =C <”°° ) Pry/’ [6-17]
ky vy

where the constants C and » are tabulated in Table 6-2. Properties for use with Equation
(6-17) are evaluated at the film temperature as indicated by the subscript f.

In obtaining the correlation constants for Table 6-2, the original calculations were based
on air data alone, fitting straight-line segments to a log—log plot like that of Figure 6-12.
For such data the Prandtl number is very nearly constant at about 0.72. It was reasoned
in Reference 9 that the same correlation might be employed for liquids by introducing the
factor Pr'/? and dividing out (0.72)'/3, or multiplying by 1.11. This reasoning has been
borne out in practice.

Figure 6-13 shows the temperature field around heated cylinders placed in a transverse
airstream. The dark lines are lines of constant temperature, made visible through the use
of an interferometer. Note the separated-flow region that develops on the back side of the
cylinder at the higher Reynolds numbers and the turbulent field that is present in that region.

Note also the behavior at the lowest Reynolds number of 23. The wake rises because
of thermal buoyancy effects. At this point, we are observing a behavior resulting from the
superposition of free-convection currents of the same order as the forced-convection-flow
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Figure 6-12 | Correlation for heating and cooling in cross flow over circular cylinders.
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Table 6-2 | Constants for use with Equation (6-17),
based on References 8 and 9.

Reyr C n
0.4-4 0.989 0.330
4-40 0.911 0.385
40-4000 0.683 0.466
4000-40,000 0.193 0.618
40,000-400,000 0.0266 0.805

velocities. In this regime the heat transfer is also dependent on a parameter called the Grashof
number, which we shall describe in detail in Chapter 7. For higher Reynolds numbers the
heat transfer is predominately by forced convection.

Fand [21] has shown that the heat-transfer coefficients from liquids to cylinders in
cross flow may be better represented by the relation

Nuys = (0.35+0.56 Re$"*)Pry? [6-18]

This relation is valid for 107! < Rey < 10° provided excessive free-stream turbulence is
not encountered.

In some instances, particularly those involving calculations on a computer, it may be
more convenient to utilize a more complicated expression than Equation (6-17) if it can be
applied over a wider range of Reynolds numbers. Eckert and Drake [34] recommend the
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Figure 6-13 | Interferometer photograph showing isotherms around heated horizontal cylinders placed in a transverse airstream.
Re = puccd/ii. (Photograph courtesy E. Soehngen.)

Re =218 Re = 1600

following relations for heat transfer from tubes in cross flow, based on the extensive study
of References 33 and 39:

P 0.25
Nu = (0.43 +0.50 Re®5)pr0-38 <Pﬁ) for 1 < Re < 103 [6-19]
Tw
Pr 0.25
Nu = 0.25 Re6pr0-38 <P—f) for 103 < Re <2 x 10° [6-20]
Ty

For gases the Prandtl number ratio may be dropped, and fluid properties are evaluated at
the film temperature. For liquids the ratio is retained, and fluid properties are evaluated
at the free-stream temperature. Equations (6-19) and (6-20) are in agreement with results
obtained using Equation (6-17) within 5 to 10 percent.

Still a more comprehensive relation is given by Churchill and Bernstein [37] that is
applicable over the complete range of available data:

0.62 Re!/2pr!/3 Re 81"
Nuy =0.3 T —
e [1+ ©.4/Pr>3]* ! <282,000)

for 10> <Rey < 107;Pey > 0.2 [6-21]

This relation underpredicts the data somewhat in the midrange of Reynolds numbers
between 20,000 and 400,000, and it is suggested that the following be employed for
this range:
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oy 03 4 0.62Re)/*Pr!/3 |y (_Rea 172
T i apea] 282,000

for 20,000 < Re,; < 400,000; Pey > 0.2 [6-22]

The heat-transfer data that were used to arrive at Equations (6-21) and (6-22)
include fluids of air, water, and liquid sodium. Still another correlation equation is given by
Whitaker [35] as

hd 0.5 2/3\p,0.4 [ Moo 0.2
Nu=—==(0.4Re"* +0.06Re 3yprd- <—) [6-23]
Hw

for 40 < Re < 10°,0.65 < Pr < 300, and 0.25 < jteo /14y < 5.2. All properties are evaluated
at the free-stream temperature except that ., is at the wall temperature.
Below Pe; = 0.2, Nakai and Okazaki [38] present the following relation:

-1
Nug =[0.8237 —In (Pe;/?) | for Pe, <0.2 [6-24]

Properties in Equations (6-21), (6-22), and (6-24) are evaluated at the film temperature.
Choice of Equation for Cross Flow Over Cylinders

The choice of equation to use for cross flow over cylinders is subject to some conjecture.
Clearly, Equation (6-17) is easiest to use from a computational standpoint, and Equation
(6-21) is the most comprehensive. The more comprehensive relations are preferable for
computer setups because of the wide range of fluids and Reynolds numbers covered. For
example, Equation (6-21) has been successful in correlating data for fluids ranging from air
to liquid sodium. Equation (6-17) could not be used for liquid metals. If one were making
calculations for air, either relation would be satisfactory.

Noncircular Cylinders

Jakob [22] has summarized the results of experiments with heat transfer from noncircular
cylinders. Equation (6-17) is employed in order to obtain an empirical correlation for gases,
and the constants for use with this equation are summarized in Table 6-3. The data upon

Table 6-3 | Constants for heat transfer from noncircular cylinders
according to Reference 22, for use with Equation (6-17).

Geometry Regy C n

u,
—y <> d 5% 103 — 105 0.246 0.588
Loy |:| Id 5% 103 — 10 0.102 0.675

Moy O d 5x10% —1.95x 10* 0.160 0.638
— 1.95 x 10* —10° 0.0385 0.782
n _
—= d 5% 103 — 105 0.153 0.638
u., | — 4x103—15x10* 0.228 0.731
— d
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which Table 6-3 is based were for gases with Pr~ (.7 and were modified by the same
1.11 Pr'/3 factor employed for the information presented in Table 6-2.

Spheres

McAdams [10] recommends the following relation for heat transfer from spheres to a
flowing gas:
hd tood \
— =0.37 for 17 < Rey < 70,000 [6-25]
kg vy

Achenbach [43] has obtained relations applicable over a still wider range of Reynolds
numbers for air with Pr=0.71:

Nu=2+(0.25Re+3 x 107*Re!®)!/2  for 100 < Re < 3 x 10° [6-26]
Nu=430+aRe+bRe> +cRe® for3 x 10° < Re <5 x 10° [6-27]

with
a=0.5x1073 h=025x10"° c¢=-3.1x10""

For flow of liquids past spheres, the data of Kramers [11] may be used to obtain the
correlation

hd o3 uood \*?
—Pr;%%=0.97+0.68 for 1 < Rey < 2000 [6-28]
kg vf

Vliet and Leppert [19] recommend the following expression for heat transfer from spheres
to oil and water over a more extended range of Reynolds numbers from 1 to 200,000:

0.25
Nu pr—0-3 <@) =1.2+40.53Re% [6-29]
0

where all properties are evaluated at free-stream conditions, except (., which is evaluated
at the surface temperature of the sphere. Equation (6-26) represents the data of Reference 11,
as well as the more recent data of Reference 19.

All the above data have been brought together by Whitaker [35] to develop a single
equation for gases and liquids flowing past spheres:

Nu=2+ (0.4Re)/* +0.06 Re?/*)Pr®* (o /1) /4 [6-30]

which is valid for the range 3.5 <Rey; <8 x 10* and 0.7 < Pr < 380. Properties in
Equation (6-30) are evaluated at the free-stream temperature.

Airflow Across Isothermal Cylinder

Air at 1 atm and 35°C flows across a 5.0-cm-diameter cylinder at a velocity of 50 m/s. The
cylinder surface is maintained at a temperature of 150°C. Calculate the heat loss per unit length
of the cylinder.



http://www.abbyy.com/buy
http://www.abbyy.com/buy

CHAPTER 6 Empirical and Practical Relations for Forced-Convection Heat Transfer

B Solution
We first determine the Reynolds number and then find the applicable constants from Table 6-2 for
use with Equation (6-17). The properties of air are evaluated at the film temperature:

= Tw’;T‘X’ = 150;35 =92.5°C=365.5K

p  1.0132x10°
PI=RT ~ (287)(365.5)
pp=214x 107> kg/m-s [0.0486 Iby /h-ft]

kg =0.0312W/m-°C [0.018 Btu/h-ft - °F]

Ty

=0.966 kg/m>  [0.0603 lb,, /ft]

Pry =0.695
d  (0.966)(50)(0.
Rej = 24 _ (096630005 _, 159, 105
P 2.14 x 1073

From Table 6-2
C =0.0266 n=0.805

so from Equation (6-17)

hd
o = (0.0266)(1.129 x 10%)0-805(0.695)1/3 =275.1
p

L (275.1)(0.0312)

05 =171.7W/m?-°C  [30.2 Btu/h - ft2 - °F]

The heat transfer per unit length is therefore

% — hd(Tyy — Too)

= (171.7)7(0.05)(150 — 35)
=3100 W/m [3226 Btu/ft]

Heat Transfer from Electrically Heated Wire

A fine wire having a diameter of 3.94 x 107> mis placed in a l-atm airstream at 25°C having a
flow velocity of 50 m/s perpendicular to the wire. An electric current is passed through the wire,
raising its surface temperature to 50°C. Calculate the heat loss per unit length.

B Solution
We first obtain the properties at the film temperature:

Ty=(25+50)/2=37.5°C=310K
vp=16.7x 10" m?/s  k=0.02704 W/m -°C
Pr 7 = 0.706
The Reynolds number is

Uood  (50)(3.94 x 107°)
vp o 16.7x 1070

Re; = =118

The Peclet number is Pe = Re Pr = 83.3, and we find that Equations (6-17), (6-21), or (6-19) apply.
Let us make the calculation with both the simplest expression, (6-17), and the most complex,
(6-21), and compare results.
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Using Equation (6-17) with C =0.683 and n = 0.466, we have
Nuy = (0.683)(118)%460(0.705)1/3 = 5.615

and the value of the heat-transfer coefficient is

k 0.02704
h=Nuy = ]=5615——""—"—_ —=3854 Wm?.°C
d 3.94 x 1075

The heat transfer per unit length is then
q/L = dh(Ty — Teo) = 7(3.94 x 107°)(3854)(50 — 25)
=11.93 W/m
Using Equation (6-21), we calculate the Nusselt number as

(0.62)(118)1/2(0.705)1/3

Nuy = 0.3 + /4 [1+ (118/282700@5/8]4/5
[1+4(0.4/0.705)2/3]
=5.593
and
(5.593)(0.02704) 2 .
=T T 3838 W/m? - °C
3.94 x 10>
and

q/L=(3838)7(3.94 x 1075)(50 — 25) = 11.88 W/m

Here, we find the two correlations differing by 0.4 percent if the value from Equation (6-21) is
taken as correct, or 0.2 percent from the mean value. Data scatter of =15 percent is not unusual
for the original experiments.

Heat Transfer from Sphere

Air at 1 atm and 27°C blows across a 12-mm-diameter sphere at a free-stream velocity of 4 m/s.
A small heater inside the sphere maintains the surface temperature at 77°C. Calculate the heat lost
by the sphere.

B Solution
Consulting Equation (6-30) we find that the Reynolds number is evaluated at the free-stream
temperature. We therefore need the following properties: at 7o =27°C =300 K,

v=15.69x 10 ®m?/s  k=0.02624 W/m - °C,
Pr=0.708 oo =1.8462 x 107> kg/m - s
At T, =77°C=350K,
pw =2.075 x 107>

The Reynolds number is thus

4)(0.012
Rey= —DO012) 455
15.69 x 10—6

From Equation (6-30),

1/4
Nu = 2 +[(0.4)(3059)172 + (0.06)(3059)%/31(0.708)%4 <ﬂ>

2.075
=31.40
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and

h=Nu

<k> =M = 68.66 W/m?-°C

d 0.012

The heat transfer is then
g=hA(Ty — Tro) = (68.66)(471)(0.006)2(77 —27)=1.553 W

For comparison purposes let us also calculate the heat-transfer coefficient using Equation (6-25).
The film temperature is 7¢ = (350 +-300) /2 = 325 K so that

vr=1823x10"%m%s  ky=0.02814 W/m-°C
and the Reynolds number is

_(#)(0.012)

— =2633
471823 x 106

From Equation (6-25)
Nuy = (0.37)(2633)%6 =41.73

and 7 is calculated as

r Nu (k_f> _ (4173)(0.02814)

h= =97.9 W/m?2.°C
d 0.012

or about 42 percent higher than the value calculated before.

6-4 | FLOW ACROSS TUBE BANKS

Because many heat-exchanger arrangements involve multiple rows of tubes, the heat-
transfer characteristics for tube banks are of important practical interest. The heat-transfer
characteristics of staggered and in-line tube banks were studied by Grimson [12], and on
the basis of a correlation of the results of various investigators, he was able to represent data
in the form of Equation (6-17). The original data were for gases with Pr ~ 0.7. To extend
the use to liquids, the present writer has modified the constants by the same 1.11Pr!/3 fac-
tor employed in Tables 6-2 and 6-3. The values of the constant C and the exponent n are
given in Table 6-4 in terms of the geometric parameters used to describe the tube-bundle
arrangement. The Reynolds number is based on the maximum velocity occurring in the
tube bank; that is, the velocity through the minimum-flow area. This area will depend on
the geometric tube arrangement. The nomenclature for use with Table 6-4 is shown in
Figure 6-14. The data of Table 6-4 pertain to tube banks having 10 or more rows of tubes
in the direction of flow. For fewer rows the ratio of # for N rows deep to that for 10 rows
is given in Table 6-5.

Determination of Maximum Flow Velocity

For flows normal to in-line tube banks the maximum flow velocity will occur through the
minimum frontal area (S, — d) presented to the incoming free stream velocity u,. Thus,

Umax = Uoo[Sn/(Sy — d)] (in-line arrangement)

for this configuration. For the staggered arrangement the same maximum flow velocity will
be experienced if the normal area at the entrance to the tube bank is the minimum flow area.
This may not be the case for close spacing in the parallel direction, as when S, is small.
For the staggered case, the flow enters the tube bank through the area S,, — d and then splits
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Table 6-4 | Modified correlation of Grimson for heat transfer in tube banks of 10 rows or more, from
Reference 12, for use with Equation (6-17).

Sn
d
1.25 1.5 2.0 3.0
Sp
7 C n C n C n C n
In line
1.25 0.386 0.592 0.305 0.608 0.111 0.704 0.0703 0.752
1.5 0.407 0.586 0.278 0.620 0.112 0.702 0.0753 0.744
2.0 0.464 0.570 0.332 0.602 0.254 0.632 0.220 0.648
3.0 0.322 0.601 0.396 0.584 0.415 0.581 0317 0.608
Staggered
0.6 — — — — — — 0.236 0.636
0.9 — — — — 0.495 0.571 0.445 0.581
1.0 — — 0.552 0.558 — — — —
1.125 — — — — 0.531 0.565 0.575 0.560
1.25 0.575 0.556 0.561 0.554 0.576 0.556 0.579 0.562
1.5 0.501 0.568 0.511 0.562 0.502 0.568 0.542 0.568
2.0 0.448 0.572 0.462 0.568 0.535 0.556 0.498 0.570
3.0 0.344 0.592 0.395 0.580 0.488 0.562 0.467 0.574

Figure 6-14 | Nomenclature for use with Table 6-4: (a) in-line tube
rows; (b) staggered tube rows.

<—Sp —><—Sp—>
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Jey S, | IR M
Voo g N
NN VA C)
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O © O D

(a) (b)
Table 6-5 | Ratio of & for N rows deep to that for 10 rows deep, for use with Equation (6-17).

N 1 2 3 4 5 6 7 8 9 10

Ratio for staggered tubes ~ 0.68  0.75 0.83 0.89 092 0095 0.97 0.98 0.99 1.0
Ratio for in-line tubes 064 080 087 090 092 094 096 098 099 1.0

From Reference 17.

into the two areas [(S, /2) + S%]l/2 — d. If the sum of these two areas is less than S,, — d,
then they will represent the minimum flow area and the maximum velocity in the tube bank

will be
Ueo (Sn/2)

[(S0/22+ 2]~

where, again, 1 is the free-stream velocity entering the tube bank.
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Pressure drop for flow of gases over a bank of tubes may be calculated with Equation
(6-31), expressed in pascals:

2 /G2 N 0.14
Ap= f% <%) [6-31]
where
Gmax = mass velocity at minimum flow area, kg/m2 .S
p = density evaluated at free-stream conditions, kg/m?
N =number of transverse rows
(p = average free-stream viscosity, N - s/m?
The empirical friction factor f' is given by Jakob [18] as
0.118
’_ —0.16
f = {025 + m} Remax [6-32]
for staggered tube arrangements, and
0.08S,/d
"= 10.044 d Re, %1 6-33
/ { * [(Sp —d)/d]%*3 +1.134/S,, Cmax [6-33]

for in-line arrangements.

Zukauskas [39] has presented additional information for tube bundles that takes into
account wide ranges of Reynolds numbers and property variations. The correlating equation
takes the form

hd ) 036 [ Pr\"*

Nu= = CRey max T <m) [6-34]
where all properties except Pr,, are evaluated at 7 and the values of the constants are
given in Table 6-6 for greater than 20 rows of tubes. This equation is applicable for 0.7 <
Pr < 500and 10 < Rey max < 10°. For gases the Prandtl number ratio has little influence and
is dropped. Once again, note that the Reynolds number is based on the maximum velocity
in the tube bundle. For less than 20 rows in the direction of flow the correction factor
in Table 6-7 should be applied. It is essentially the same as for the Grimson correlation.

Table 6-6 | Constants for Zukauskas correlation [Equation (6-34)] for heat
transfer in tube banks of 20 rows or more.

Geometry Rey max C n
In-line 10-100 0.8 0.4
100-103 Treat as individual tubes
103 -2 x 10° 0.27 0.63
>2x10° 0.21 0.84
Staggered 10-100 0.9 0.4
100-103 Treat as individual tubes
Ky 0.2 Ky
103 -2 x 10° 035( =2 for =2 <2 0.60
S S
103 -2 x 10° 0.40 for S—" >2 0.60
L
>2x10° 0.022 0.84

From Reference 39.
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6-4 Flow Across Tube Banks

Table 6-7 | Ratio of 2 for N rows deep to that for 20 rows deep according to Reference 39 and for
use with Equation (6-34).

N 2 3 4 5 6 8 10 16 20
Staggered 0.77 0.84 0.89 0.92 0.94 0.97 0.98 0.99 1.0
In-line 0.70 0.80 0.90 0.92 0.94 0.97 0.98 0.99 1.0

Additional information is given by Morgan [44]. Further information on pressure drop is
given in Reference 39.

The reader should keep in mind that these relations correlate experimental data with
an uncertainty of about & 25 percent.

Heating of Air with In-Line Tube Bank

Air at 1 atm and 10°C flows across a bank of tubes 15 rows high and 5 rows deep at a velocity of
7 m/s measured at a point in the flow before the air enters the tube bank. The surfaces of the tubes
are maintained at 65°C. The diameter of the tubes is 1 in [2.54 cm]; they are arranged in an in-line
manner so that the spacing in both the normal and parallel directions to the flow is 1.5 in [3.81 cm].
Calculate the total heat transfer per unit length for the tube bank and the exit air temperature.

B Solution

The constants for use with Equation (6-17) may be obtained from Table 6-4, using
Sp 381 S _381_ &
d 254 d 254

so that

C=0.278 n=0.620

The properties of air are evaluated at the film temperature, which at entrance to the tube bank is

T+ 1, 65+ 10
T = w’; N ’ZL =37.5°C=310.5K [558.9°R]

Then

=i=1'0132X1OS=1.137kg/m3
RT — (287)(310.5)

pnr=1.894x107°kg/m-s

kf=0.027 W/m-°C [0.0156 Btu/h - ft - °F]

¢p=1007J/kg-°C [0.24 Btu/Ib,, - °F]

Pr=0.706

Pf

To calculate the maximum velocity, we must determine the minimum flow area. From
Figure 6-14 we find that the ratio of the minimum flow area to the total frontal area is (S, — d)/Sy.
The maximum velocity is thus

Sn (7)(3.81)

Himax =too g0 = Ty =2l m/s (68,9 fts] [a]

where 1 is the incoming velocity before entrance to the tube bank. The Reynolds number is
computed by using the maximum velocity.

 pumaxd _ (1.137)(21)(0.0254)

Re
P 1.894 x 10—

=32,020 (5]
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The heat-transfer coefficient is then calculated with Equation (6-17):

hd
== (0.278)(32,020)%92(0.706)1/3 = 153.8 [c]
7

(153.8)(0.027)
o 0.0254
This is the heat-transfer coefficient that would be obtained if there were 10 rows of tubes in the
direction of the flow. Because there are only 5 rows, this value must be multiplied by the factor
0.92, as determined from Table 6-5.
The total surface area for heat transfer, considering unit length of tubes, is

A= Nrd(1) = (15)(5)7(0.0254) = 5.985 m?/m

=164 W/m?%.°C [28.8 Btu/h - ft2 - °F] [d]

where N is the total number of tubes.
Before calculating the heat transfer, we must recognize that the air temperature increases as
the air flows through the tube bank. Therefore, this must be taken into account when using

q=hA(Ty — To) le]

As a good approximation, we can use an arithmetic average value of 7, and write for the energy

balance*
Too, 1+ Too,2

q:hA(Tw— >

) =ep oz =) 0
where now the subscripts 1 and 2 designate entrance and exit to the tube bank. The mass flow at
entrance to the 15 tubes is

1 = Pooltoo(15)Sy

p _ 1.0132x10°
RT»  (287)(283)

7 = (1.246)(7)(15)(0.0381) = 4.99 kg /s  [11.0 Iby, /s]

=1.246 kg/m> [g]

Poo =

so that Equation (/) becomes
10+ T 2

(0.92)(164)(5.985) (65 = >

) =(4.99)(1006)(T, 2 — 10)

that may be solved to give
Too,2=19.08°C

The heat transfer is then obtained from the right side of Equation (f):
q=(4.99)(1006)(19.08 — 10) =45.6 kW/m
This answer could be improved somewhat by recalculating the air properties based on a mean

value of T, but the improvement would be small and well within the accuracy of the empirical
heat-transfer correlation of Equation (6-17).

* A better approach may be to base the heat transfer on a so-called log mean temperature difference (LMTD).
This method is discussed in detail in Section 10-5 in connection with heat exchangers. In the present problem,
the arithmetic temperature difference is satisfactory.
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6-5 Liquid-Metal Heat Transfer

EXAMPLE 6-11 Alternate Calculation Method

Compare the heat-transfer coefficient calculated with Equation (6-34) with the value obtained in
Example 6-10.

B Solution
Properties for use in Equation (6-34) are evaluated at free-stream conditions of 10°C, so we have

v=142x107° Pr=0.712 k=0.0249 Pry, =0.70

The Reynolds number is
(21)(0.0254)

Red7max = m = 37,563

so that the constants for Equation (6-34) are C =0.27 and n =0.63.
Inserting values, we obtain

hd
- = (0.27)(37,563)%93(0.712/0.7)1/* = 206.5
and (206.5)(0.0249)
. . 2 °
= T 2024 :
0.0254 02.4 W/m®-~C

Multiplying by a factor of 0.92 from Table 6-7 to correct for only 5 tube rows gives
i =(0.92)(202.4) = 186.3 W/m?2 . °C

or a value about 13 percent higher than in Example 6-10. Both values are within the accuracies of
the correlations.

6-5 | LIQUID-METAL HEAT TRANSFER

Considerable interest has been placed on liquid-metal heat transfer because of the high
heat-transfer rates that may be achieved with these media. These high heat-transfer rates
result from the high thermal conductivities of liquid metals as compared with other fluids; as
a consequence, they are particularly applicable to situations where large energy quantities
must be removed from a relatively small space, as in a nuclear reactor. In addition, the
liquid metals remain in the liquid state at higher temperatures than conventional fluids like
water and various organic coolants. This also makes more compact heat-exchanger design
possible. Liquid metals are difficult to handle because of their corrosive nature and the
violent action that may result when they come into contact with water or air; even so, their
advantages in certain heat-transfer applications have overshadowed their shortcomings, and
suitable techniques for handling them have been developed.

Let us first consider the simple flat plate with a liquid metal flowing across it. The
Prandtl number for liquid metals is very low, of the order of 0.01, so that the thermal-
boundary-layer thickness should be substantially larger than the hydrodynamic-boundary-
layer thickness. The situation results from the high values of thermal conductivity for liquid
metals and is depicted in Figure 6-15. Since the ratio of §/8; is small, the velocity profile
has a very blunt shape over most of the thermal boundary layer. As a first approxima-
tion, then, we might assume a slug-flow model for calculation of the heat transfer; that is
we take

U=l [6-35]
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Figure 6-15 | Boundary-layer regimes for analysis of
liquid-metal heat transfer.

T -T, —bl

S

7T,

<
g
o]

throughout the thermal boundary layer for purposes of computing the energy-transport term
in the integral energy equation (Section 5-6):

d

8¢
— |: (Too — Du dyi| = ozgi| [6-36]
dx 0 w

dy

The conditions on the temperature profile are the same as those in Section 5-6, so that we
use the cubic parabola as before:

o T-T, 3 1 3
_:—w:_l__ Y [6-37]
b Too—Ty 26 2

Inserting Equations (6-35) and (6-37) in (6-36) gives

d | o 3y 1/ul\’ 30000
Ot —2 22 (2 |l = 6-38
oottoo ™y {/0 [ 25t+2<5t) T T2s, [6-38]

that may be integrated to give

8
28,d8, = - dx [6-39]

Uoo

The solution to this differential equation is

o [6-40]

Uo

for a plate heated over its entire length.
The heat-transfer coefficient may be expressed by

—k(0T/9 3k 342
hx=w=—=ik Hoo [6-41]
Ty—Tx 28, 8 ax

This relationship may be put in dimensionless form as

h
Nuy = %x =0.530(Re,Pr)!/? = 0.530Pe /2 [6-42]
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6-5 Liquid-Metal Heat Transfer

Using Equation (5-21) for the hydrodynamic-boundary-layer thickness,

5 4.64
—=—15 [6-43]
X Rey
we may compute the ratio §/3;:
5 4.64
— = /Pr=1.64VPr [6-44]
& A8
Using Pr~0.01, we obtain
5
—~0.16
&

which is in reasonable agreement with our slug-flow model.

The flow model for liquid metals discussed above illustrates the general nature of
liquid-metal heat transfer, and it is important to note that the heat transfer is dependent on
the Peclet number. Empirical correlations are usually expressed in terms of this parameter,
four of which we present below.

Extensive data on liquid metals are given in Reference 13, and the heat-transfer char-
acteristics are summarized in Reference 23. Lubarsky and Kaufman [14] recommended the
following relation for calculation of heat-transfer coefficients in fully developed turbulent
flow of liquid metals in smooth tubes with uniform heat flux at the wall:

hd 0.4
Nu,; = = 0.625(ReyPr)™ [6-45]

All properties for use in Equation (6-45) are evaluated at the bulk temperature. Equation
(6-45) is valid for 10 < Pe < 10* and for L/d > 60. Seban and Shimazaki [16] propose the
following relation for calculation of heat transfer to liquid metals in tubes with constant
wall temperature:

Nuy = 5.0+ 0.025(Re,Pr)?® [6-46]

where all properties are evaluated at the bulk temperature. Equation (6-42) is valid for
Pe > 102 and L/d > 60.

More recent data by Skupinshi, Tortel, and Vautrey [26] with sodium-potassium mix-
tures indicate that the following relation may be preferable to that of Equation (6-45) for
constant-heat-flux conditions:

Nu =4.82 +0.0185 Pe-87 [6-47]

This relation is valid for 3.6 x 10> < Re < 9.05 x 10° and 10? < Pe < 10*. Additional cor-
relations are given by Sleicher and Rouse [48].

Witte [32] has measured the heat transfer from a sphere to liquid sodium during forced
convection, with the data being correlated by

Nu =2 +0.386(Re Pr)® [6-48]

for the Reynolds number range 3.56 x 10* < Re < 1.525 x 10°.

Kalish and Dwyer [41] have presented information on liquid-metal heat transfer in tube
bundles.

In general, there are many open questions concerning liquid-metal heat transfer, and
the reader is referred to References 13 and 23 for more information.
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Heating of Liquid Bismuth in Tube

Liquid bismuth flows at a rate of 4.5 kg/s through a 5.0-cm-diameter stainless-steel tube. The
bismuth enters at 415°C and is heated to 440°C as it passes through the tube. If a constant heat
flux is maintained along the tube and the tube wall is at a temperature 20°C higher than the bismuth
bulk temperature, calculate the length of tube required to effect the heat transfer.

B Solution
Because a constant heat flux is maintained, we may use Equation (6-47) to calculate the heat-
transfer coefficient. The properties of bismuth are evaluated at the average bulk temperature of
(415 + 440) /2 = 427.5°C

w=134x10kg/m-s [3.242 b, /h-f]

cp=0.149kJ /kg-°C [0.0356 Btu/Ib,, - °F]

k=15.6 W/m-°C [9.014 Btu/h- ft- °F]

Pr=0.013

The total transfer is calculated from

q=ricy ATy = (4.5)(149)(440 — 415)=16.76 KW  [57,186 Btu/h] [a]

We calculate the Reynolds and Peclet numbers as
_dG (0.05)(4.5)

Req= i [7(0.052/4](1.34 x 10-3) B 151
Pe = Re Pr=(85,520)(0.013) = 1111
The heat-transfer coefficient is then calculated from Equation 6-47
Nuy = 4.82 + (0.0185)(1111)%-827 = 10.93 [c]
h= % =3410 W/m2-°C  [600 Btu/h - ft2 - °F]

The total required surface area of the tube may now be computed from

q=nA(Ty —Tp) [4]

where we use the temperature difference of 20°C;

16,760
= —0246m? [2.65 ft%]
(3410)(20)
This area in turn can be expressed in terms of the tube length
A =mdL d L= 0246 =1.57 [5.15 ft]
=7 an =005~ " m .

6-6 | SUMMARY

In contrast to Chapter 5, which was mainly analytical in character, this chapter has dealt
almost entirely with empirical correlations that may be used to calculate convection heat
transfer. The general calculation procedure is as follows:

1. Establish the geometry of the situation.
2. Make a preliminary determination of appropriate fluid properties.
3. Establish the flow regime by calculating the Reynolds or Peclet number.
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6-6 Summary

Table 6-8 | Summary of forced-convection relations. (See text for property evaluation.)

Subscripts: & = bulk temperature, f = film temperature, co = free stream temperature,
w = wall temperature

Geometry Equation Restrictions Equation number
Tube flow Nu, =0.023 Reg'gPr" Fully developed turbulent flow, (6-4a)
n =0.4 for heating,
n=0.3 for cooling,
0.6 < Pr < 100,
2500 < Rey < 1.25 % 10°
Tube flow Nug = 0.0214(Re%® — 100)Pr04 0.5<Pr<1.5, (6-4b)
10* <Rey <5 x 10°
Nug = 0.012(Re} 87 — 280)Pr0-4 1.5 < Pr < 500, (6-4c)
3000 < Rey < 100
“ 0.14
Tube flow Nuy =0.027 Reg-gprlﬁ (_) Fully developed turbulent flow (6-5)
Hw
d 0.055
Tube flow, entrance region Nuy =0.036 Reg'gPrl/ 3 (—) Turbulent flow (6-6)
L
L
See also Figures 6-5 and 6-6 10 < i <400
Tube flow Petukov relation Fully developed turbulent flow, (6-7)
0.5 < Pr <2000,
10* < Rey <5 x 109,
0< £ 40
Hw
0.0668(d/L) Re;P
Tube flow Nuy; =3.66 + (d/L) ReqPr Laminar, T, = const. (6-9)
14 0.04[(d/L) RezPr]?/3
ANV3 7\ 014
Tube flow Nu, = 1.86(RedPr)1/3 (Z) (—) Fully developed laminar flow, (6-10)
Hw
Ty = const.
d
Re;Pr— > 10
L
Rough tubes StbPrif/3 = % or Equation (6-7) Fully developed turbulent flow (6-12)
Noncircular ducts Reynolds number evaluated on basis of Same as particular equation for (6-14)
hydraulic diameter tube flow
Dy — 4A
#="p
A = flow cross-section area,
P = wetted perimeter
Flow across cylinders Nuy=C Rer Pr!/3 C and # from Table 6-2 0.4 < Regr < 400,000 (6-17)
. 102 <Re < 107 (6-21)
Fl lind Nugs = Y ’
ow across cylinders Ugr Pe> 0.2
0.62 Re;/z prl/3 Rep \3/87%°
R
- 0.4\2/3 282,000
Pr
Flow across cylinders See text (6-18) to (6-20)

Flow across noncircular

cylinders

Nu=CRelj, pri/3
See Table 6-3 for values of C and 7.

(6-22) to (6-24)

(6-17)
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Table 6-8 | (Continued).

313

Subscripts: b =bulk temperature, f = film temperature, 0o = free stream temperature,
w = wall temperature

Geometry Equation Restrictions Equation number
Flow across spheres Nugr =0.37 Regf6 Pr~0.7 (gases), 17 <Re < 70,000 (6-25)
NugPr=03 (1, /12)02% = 1.2+ 0.53 ReJ>* Water and oils 1 < Re < 200,000 (6-29)
Properties at T,
Nuy=2+ <0.4 Re/” +0.06 Ref/3> PrO4 (jioo /i) /4 0.7 < Pr<380,3.5 < Rey < 80,000, (6-30)
Properties at To
Flow across tube banks Nuy= CRe’J‘fmax Pr;/3 Candn fr/(;m Table 6-4 See text (6-17)
P
Flow across tube banks Nu, = CReZJnaX pr0-36 (ﬁ) 0.7 < Pr <500, 10 < Reg max < 100 (6-34)
Liquid metals See text (6-37) to (6-48)
Friction factor Ap= f(L/d),ou%1 /2gc, (6-13)
Um =rt/pAc

4. Select an equation that fits the geometry and flow regime and reevaluate properties, if
necessary, in accordance with stipulations and the equation.
5. Proceed to calculate the value of /2 and/or the heat-transfer rate.

We should note that the data upon which the empirical equations are based are most
often taken under laboratory conditions where it is possible to exert careful control over
temperature and flow variables. In a practical application such careful control may not be
present and there may be deviations from heat-transfer rates calculated from the equations
given here. Our purpose is not to discourage the reader by this remark, but rather to indicate
that sometimes it will be quite satisfactory to use a simple correlation over a more elaborate
expression even if the simple relation has a larger scatter in its data representation. Our
purpose has been to present a variety of expressions (where available) so that some choices
can be made.

Finally, the most important relations of this chapter are listed in Table 6-8 for quick
reference purposes.

Our presentation of convection is not yet complete. Chapter 7 will discuss the relations
that are used for calculation of free convection heat transfer as well as combined free and
forced convection. At the conclusion of that chapter we will present a general procedure to
follow in al/l convection problems that will extend the outline given in the five steps above.
This procedure will make use of the correlation summary Tables 5-2 and 6-8 along with a
counterpart presented in Table 7-5 for free convection systems.

REVIEW QUESTIONS

What is the Dittus-Boelter equation? When does it apply?
How may heat-transfer coefficients be calculated for flow in rough pipes?
What is the hydraulic diameter? When is it used?

What is the form of equation used to calculate heat transfer for flow over cylinders and
bluff bodies?
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Problems

5. Why does a slug-flow model yield reasonable results when applied to liquid-metal heat
transfer?

6. What is the Peclet number?
7. What is the Graetz number?

LIS

6-1
6-2
6-3
6-4
6-5
6-6
6-7
6-8
6-9
6-10
6-11
6-12

T OF WORKED EXAMPLES

Turbulent heat transfer in a tube

Heating of water in laminar tube flow

Heating of air in laminar tube flow for constant heat flux
Heating of air with isothermal tube wall

Heat transfer in a rough tube

Turbulent heat transfer in a short tube

Airflow across isothermal cylinder

Heat transfer from electrically heated wire
Heat transfer from sphere
Heating of air with in-line tube bank

Alternate calculation method

Heating of liquid bismuth in tube

PROBLEMS

6-1

6-3

6-4

6-5

6-6

6-8

Engine oil enters a 5.0-mm-diameter tube at 120°C. The tube wall is maintained at
50°C, and the inlet Reynolds number is 1000. Calculate the heat transfer, average
heat-transfer coefficient, and exit oil temperature for tube lengths of 10, 20, and
50 cm.

Water at an average bulk temperature of 80°F flows inside a horizontal smooth tube
with wall temperature maintained at 180°F. The tube length is 2 m, and diameter is
3 mm. The flow velocity is 0.04 m/s. Calculate the heat-transfer rate.

Calculate the flow rate necessary to produce a Reynolds number of 15,000 for the
flow of air at 1 atm and 300 K in a 2.5-cm-diameter tube. Repeat for liquid water
at 300 K.

Liquid ammonia flows in a duct having a cross section of an equilateral triangle
1.0cmonaside. The average bulk temperature is 20°C, and the duct wall temperature
is 50°C. Fully developed laminar flow is experienced with a Reynolds number of
1000. Calculate the heat transfer per unit length of duct.

Water flows in a duct having a cross section 5 x 10 mm with a mean bulk temperature
of 20°C. If the duct wall temperature is constant at 60°C and fully developed laminar
flow is experienced, calculate the heat transfer per unit length.

Water at the rate of 3 kg/s is heated from 5 to 15°C by passing it through a 5-cm-ID
copper tube. The tube wall temperature is maintained at 90°C. What is the length of
the tube?

Water at the rate of 0.8 kg/s is heated from 35 to 40°C in a 2.5-cm-diameter tube
whose surface is at 90°C. How long must the tube be to accomplish this heating?
Water flows through a 2.5-cm-ID pipe 1.5 m long at a rate of 1.0 kg/s. The pressure
drop is 7 kPa through the 1.5-m length. The pipe wall temperature is maintained at a
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constant temperature of 50°C by a condensing vapor, and the inlet water temperature
is 20°C. Estimate the exit water temperature.

Water at the rate of 1.3 kg/s is to be heated from 60°F to 100°F in a 2.5-cm-diameter
tube. The tube wall is maintained at a constant temperature of 40°C. Calculate the
length of tube required for the heating process.

Water at the rate of 1 kg/s is forced through a tube with a 2.5-cm ID. The inlet
water temperature is 15°C, and the outlet water temperature is 50°C. The tube wall
temperature is 14°C higher than the water temperature all along the length of the
tube. What is the length of the tube?

Engine oil enters a 1.25-cm-diameter tube 3 m long at a temperature of 38°C. The
tube wall temperature is maintained at 65°C, and the flow velocity is 30 cm/s.
Estimate the total heat transfer to the oil and the exit temperature of the oil.

Air at 1 atm and 15°C flows through a long rectangular duct 7.5 cm by 15 cm. A
1.8-m section of the duct is maintained at 120°C, and the average air temperature at
exit from this section is 65°C. Calculate the airflow rate and the total heat transfer.
Water at the rate of 0.5 kg/s is forced through a smooth 2.5-cm-ID tube 15 m long.
The inlet water temperature is 10°C, and the tube wall temperature is 15°C higher
than the water temperature all along the length of the tube. What is the exit water
temperature?

Water at an average temperature of 300 K flows at 0.7 kg/s in a 2.5-cm-diameter tube
6 m long. The pressure drop is measured as 2 kPa. A constant heat flux is imposed,
and the average wall temperature is 55°C. Estimate the exit temperature of the
water.

Anoil with Pr = 1960, p =860 kg/m>, v=1.6 x 10~* m?/s,andk = 0.14 W/m - °C
enters a 2.5-mm-diameter tube 60 cm long. The oil entrance temperature is 20°C,
the mean flow velocity is 30 cm/s, and the tube wall temperature is 120°C. Calculate
the heat-transfer rate.

Liquid ammonia flows through a 2.5-cm-diameter smooth tube 2.5 m long at a rate
of 0.4 kg/s. The ammonia enters at 10°C and leaves at 38°C, and a constant heat
flux is imposed on the tube wall. Calculate the average wall temperature necessary
to effect the indicated heat transfer.

Liquid Freon 12 (CClyF,) flows inside a 1.25-cm-diameter tube at a velocity of
3 m/s. Calculate the heat-transfer coefficient for a bulk temperature of 10°C. How
does this compare with water at the same conditions?

Water at an average temperature of 10°C flows in a 2.5-cm-diameter tube 6 m long
at a rate of 0.4 kg/s. The pressure drop is measured as 3 kPa. A constant heat flux is
imposed, and the average wall temperature is 50°C. Estimate the exit temperature
of the water.

Water at the rate of 0.4 kg/s is to be cooled from 71 to 32°C. Which would result
in less pressure drop—to run the water through a 12.5-mm-diameter pipe at a con-
stant temperature of 4°C or through a constant-temperature 25-mm-diameter pipe
at 20°C?

Air at 1400 kPa enters a duct 7.5 cm in diameter and 6 m long at a rate of 0.5 kg/s.
The duct wall is maintained at an average temperature of 500 K. The average air
temperature in the duct is 550 K. Estimate the decrease in temperature of the air as
it passes through the duct.

Air flows at 100°C and 300 kPa in a 1.2-cm-(inside)-diameter tube at a velocity such
that a Reynolds number of 15,000 is obtained. The outside of the tube is subjected
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Problems

6-22

6-23

6-24

6-25

6-26

6-27

6-28

6-29

6-30

6-31

6-32

6-33

to a crossflow of air at 100 kPa, 30°C, and a free-stream velocity of 20 m/s. The
tube wall thickness is 1.0 mm. Calculate the overall heat transfer coefficient for this
system. What would be the temperature drop of the air inside the tube per centimeter
of length.

Liquid water is to be heated from 60°F to 120°F in a smooth tube. The tube
has an electric heat supplied that provides a constant heat flux such that the tube
wall temperature is always 30°F above the water bulk temperature. The Reynolds
number used for calculating the heat-transfer coefficient is 100,000. Calculate the
length of tube required for heating, expressed in meters, if the tube has a diameter
of 0.5 cm.

An annulus consists of the region between two concentric tubes having diameters
of 4 cm and 5 cm. Ethylene glycol flows in this space at a velocity of 6.9 m/s. The
entrance temperature is 20°C, and the exit temperature is 40°C. Only the inner tube
is a heating surface, and it is maintained constant at 80°C. Calculate the length of
annulus necessary to effect the heat transfer.

An air-conditioning duct has a cross section of 45 cm by 90 cm. Air flows in the duct
at a velocity of 7.5 m/s at conditions of 1 atm and 300 K. Calculate the heat-transfer
coefficient for this system and the pressure drop per unit length.

Water flows in a 3.0-cm-diameter tube having a relative roughness of 0.002 with a
constant wall temperature of 80°C. If the water enters at 20°C, estimate the convec-
tion coefficient for a Reynolds number of 10°.

Liquid Freon 12 (CCI,F,) enters a 3.5-mm-diameter tube at 0°C and with a flow rate
such that the Reynolds number is 700 at entrance conditions. Calculate the length
of tube necessary to raise the fluid temperature to 20°C if the tube wall temperature
is constant at 40°C.

Air enters a small duct having a cross section of an equilateral triangle, 3.0 mm on a
side. The entering temperature is 27°C and the exit temperature is 77°C. If the flow
rateis 5 x 107 kg/s and the tube length is 30 cm, calculate the tube wall temperature
necessary to effect the heat transfer. Also calculate the pressure drop. The pressure
is 1 atm.

Air at 90 kPa and 27°C enters a 4.0-mm-diameter tube with a mass flow rate of
7 x 1073 kg/s. A constant heat flux is imposed at the tube surface so that the tube
wall temperature is 70°C above the fluid bulk temperature. Calculate the exit air
temperature for a tube length of 12 cm.

Air at 110 kPa and 40°C enters a 6.0-mm-diameter tube with a mass flow rate of
8 x 1073 kg/s. The tube wall temperature is maintained constant at 140°C. Calculate
the exit air temperature for a tube length of 14 cm.

Engine oil at 40°C enters a 1-cm-diameter tube at a flow rate such that the Reynolds
number at entrance is 50. Calculate the exit oil temperature for a tube length of 8§ cm
and a constant tube wall temperature of 80°C.

Water flows in a 2-cm-diameter tube at an average flow velocity of 8 m/s. If the
water enters at 20°C and leaves at 30°C and the tube length is 10 m, estimate the
average wall temperature necessary to effect the required heat transfer.

Engine oil at 20°C enters a 2.0-mm-diameter tube at a velocity of 1.2 m/s. The tube
wall temperature is constant at 60°C and the tube is 1.0 m long. Calculate the exit
oil temperature.

Water flows inside a smooth tube at a mean flow velocity of 3.0 m/s. The tube
diameter is 25 mm and a constant heat flux condition is maintained at the tube
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wall such that the tube temperature is always 20°C above the water temperature.
The water enters the tube at 30°C and leaves at 50°C. Calculate the tube length
necessary to accomplish the indicated heating.

Liquid ammonia at 10°C and 1 atm flows across a horizontal cylinder at a velocity of
5 m/s. The cylinder has a diameter of 2.5 cm and length of 125 cm and is maintained
at a temperature of 30°C. Calculate the heat lost by the cylinder.

Water enters a 3-mm-diameter tube at 21°C and leaves at 32°C. The flow rate is
such that the Reynolds number is 600. The tube length is 10 cm and is maintained
at a constant temperature of 60°C. Calculate the water flow rate.

Water enters a 3.0-cm-diameter tube at 15°C and leaves at 38°C. The flow rate is
1.0 kg/s and the tube wall temperature is 60°C. Calculate the length of the tube.
Glycerin flows in a 5-mm-diameter tube at such a rate that the Reynolds number is
10. The glycerine enters at 10°C and leaves at 30°C. The tube wall is maintained
constant at 40°C. Calculate the length of the tube.

A 5-cm-diameter cylinder maintained at 80°C is placed in a nitrogen flow stream at
2 atm pressure and 10°C. The nitrogen flows across the cylinder with a velocity of
5 m/s. Calculate the heat lost by the cylinder per meter of length.

Airat 1 atm and 10°C blows across a 4-cm-diameter cylinder maintained at a surface
temperature of 54°C. The air velocity is 25 m/s. Calculate the heat loss from the
cylinder per unit length.

Air at 200 kPa blows across a 20-cm-diameter cylinder at a velocity of 25 m/s and
temperature of 10°C. The cylinder is maintained at a constant temperature of 80°C.
Calculate the heat transfer and drag force per unit length.

Water at 43°C enters a 5-cm-ID pipe having a relative roughness of 0.002 at a rate
of 6 kg/s. If the pipe is 9 m long and is maintained at 71°C, calculate the exit water
temperature and the total heat transfer.

A short tube is 6.4 mm in diameter and 15 cm long. Water enters the tube at 1.5 m/s
and 38°C, and a constant-heat-flux condition is maintained such that the tube wall
temperature remains 28°C above the water bulk temperature. Calculate the heat-
transfer rate and exit water temperature.

Ethylene glycol is to be cooled from 65 to 40°C in a 3.0-cm-diameter tube. The
tube wall temperature is maintained constant at 20°C. The glycol enters the tube
with a velocity of 10 m/s. Calculate the length of tube necessary to accomplish this
cooling.

Airat 70 kPaand 20°C flows across a 5-cm-diameter cylinder at a velocity of 15 m/s.
Compute the drag force exerted on the cylinder.

A heated cylinder at 450 K and 2.5 cm in diameter is placed in an atmospheric
airstream at 1 atm and 325 K. The air velocity is 30 m/s. Calculate the heat loss per
meter of length for the cylinder.

Assuming that a human can be approximated by a cylinder 30 cm in diameter and
1.1 m high with a surface temperature of 24°C, calculate the heat the person would
lose while standing in a 30-mi/h wind whose temperature is 0°C.

Assume that one-half the heat transfer from a cylinder in cross flow occurs on the
front half of the cylinder. On this assumption, compare the heat transfer from a
cylinder in cross flow with the heat transfer from a flat plate having a length equal
to the distance from the stagnation point on the cylinder. Discuss this comparison.
Water at 15.56°C is to be heated in a 2-mm-ID tube until the exit temperature
reaches 26.67°C. The tube wall temperature is maintained at 48.99°C and the inlet
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flow velocity is 0.3 m/s. Calculate the length of tube required in meters to accomplish
this heating. Also calculate the total heating required, expressed in watts.

An isothermal cylinder having a diameter of 2.0 cm and maintained at 50°C is
placed in a helium flow system having free-stream conditions of 200 kPa, 20°C, and
oo =25 m/s. Calculate the heat lost for a cylinder length of 50 cm.

A 0.13-mm-diameter wire is exposed to an airstream at —30°C and 54 kPa. The flow
velocity is 230 m/s. The wire is electrically heated and is 12.5 mm long. Calculate
the electric power necessary to maintain the wire surface temperature at 175°C.
Air at 90°C and 1 atm flows past a heated 1.5-mm-diameter wire at a velocity of
6 m/s. The wire is heated to a temperature of 150°C. Calculate the heat transfer per
unit length of wire.

A fine wire 0.025 mm in diameter and 15 cm long is to be used to sense flow velocity
by measuring the electrical heat that can be dissipated from the wire when placed in
an airflow stream. The resistivity of the wire is 70 p£2 - cm. The temperature of the
wire is determined by measuring its electric resistance relative to some reference
temperature T, so that

R=Ro[l+a(T — Tp)]
For this particular wire the value of the temperature coefficient a is 0.006°C 1.
The resistance can be determined from measurements of the current and voltage
impressed on the wire, and

R=%
Suppose a measurement is made for air at 20°C with a flow velocity of 10 m/s and
the wire temperature is 40°C. What values of voltage and current would be measured
for these conditions if R, is evaluated at 7, =20°C? What values of voltage and
current would be measured for the same wire temperature but flow velocities of
15 m/s and 20 m/s?
Helium at 1 atm and 325 K flows across a 3-mm-diameter cylinder that is heated to
425 K. The flow velocity is 9 m/s. Calculate the heat transfer per unit length of wire.
How does this compare with the heat transfer for air under the same conditions?
Calculate the heat-transfer rate per unit length for flow over a 0.025-mm-diameter
cylinder maintained at 65°C. Perform the calculation for (a) air at 20°C and 1 atm
and (b) water at 20°C; uyo =6 m/s.
Compare the heat-transfer results of Equations (6-17) and (6-18) for water at Reynolds
numbers of 103, 104, and 103 and a film temperature of 90°C.
A pipeline in the Arctic carries hot oil at 50°C. A strong arctic wind blows across the
50-cm-diameter pipe at a velocity of 13 m/s and a temperature of —35°C. Estimate
the heat loss per meter of pipe length.
Two tubes are available, a 4.0-cm-diameter tube and a 4.0-cm-square tube. Air at
1 atm and 27°C is blown across the tubes with a velocity of 20 m/s. Calculate the
heat transfer in each case if the tube wall temperature is maintained at 50°C.
A 3.0-cm-diameter cylinder is subjected to a cross flow of carbon dioxide at 200°C
and a pressure of 1 atm. The cylinder is maintained at a constant temperature of
50°C and the carbon dioxide velocity is 40 m/s. Calculate the heat transfer to the
cylinder per meter of length.
Water having an average bulk temperature of 100°F flows in a smooth tube with a
diameter of 1.25 cm. The flow rate is such that a Reynolds number of 100,000 is
experienced, and the tube wall is maintained at an average temperature of 160°F.
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If the tube length is 1.5 m calculate the exit bulk temperature of the water. Express
in °C.

Using a suitable computer software package, integrate the local heat transfer
coefficient results of Figure 6-11 to obtain average values of / for each Reynolds
number shown. Subsequently, compare the results with values calculated from the
information in Table 6-2. If needed, consult Reference 7 for additional
information.

Helium at 150 kPa and 20°C is forced at 50 m/s across a horizontal cylinder having
a diameter of 30 cm and a length of 6 m. Calculate the heat lost by the cylinder if
its surface temperature is maintained constant at 100°C.

A 0.25-inch-diameter cylinder is maintained at a constant temperature of 300°C and
placed in a cross flow of CO; at p = 100 kPa and 7' =30°C. Calculate the heat loss
for a 4.5-m length of the cylinder if the CO; velocity is 35 m/s.

A 20-cm-diameter cylinder is placed in a cross-flow CO, stream at 1 atm and 300 K.
The cylinder is maintained at a constant temperature of 400 K and the CO; velocity
is 50 m/s. Calculate the heat lost by the cylinder per meter of length.

Air flows across a 4-cm-square cylinder at a velocity of 12 m/s. The surface tem-
perature is maintained at 85°C. Free-stream air conditions are 20°C and 0.6 atm.
Calculate the heat loss from the cylinder per meter of length.

Water flows over a 3-mm-diameter sphere at 5 m/s. The free-stream temperature is
38°C, and the sphere is maintained at 93°C. Calculate the heat-transfer rate.

A spherical water droplet having a diameter of 1.3 mm is allowed to fall from rest
in atmospheric air at 1 atm and 20°C. Estimate the velocities the droplet will attain
after a drop of 30, 60, and 300 m.

A spherical tank having a diameter of 4.0 m is maintained at a surface tempera-
ture of 40°C. Air at 1 atm and 20°C blows across the tank at 6 m/s. Calculate the
heat loss.

A heated sphere having a diameter of 3 cm is maintained at a constant temperature
of 90°C and placed in a water flow stream at 20°C. The water flow velocity is
3.5 m/s. Calculate the heat lost by the sphere.

A small sphere having a diameter of 6 mm has an electric heating coil inside, which
maintains the outer surface temperature at 220°C. The sphere is exposed to an
airstream at 1 atm and 20°C with a velocity of 20 m/s. Calculate the heating rate
which must be supplied to the sphere.

Air at a pressure of 3 atm blows over a flat plate at a velocity of 75 m/s. The plate
is maintained at 200°C and the free-stream temperature is 30°C. Calculate the heat
loss for a plate which is 1 m square.

Airat 3.5 MPaand 38°C flows across a tube bank consisting of 400 tubes of 1.25-cm
OD arranged in a staggered manner 20 rows high; S, =3.75 cm and S, =2.5 cm.
The incoming-flow velocity is 9 m/s, and the tube-wall temperatures are maintained
constant at 20°C by a condensing vapor on the inside of the tubes. The length of the
tubes is 1.5 m. Estimate the exit air temperature as it leaves the tube bank.

A tube bank uses an in-line arrangement with S, =S, =1.9 cm and 6.33-mm-
diameter tubes. Six rows of tubes are employed with a stack 50 tubes high. The
surface temperature of the tubes is constant at 90°C, and atmospheric air at 20°C
is forced across them at an inlet velocity of 4.5 m/s before the flow enters the tube
bank. Calculate the total heat transfer per unit length for the tube bank. Estimate the
pressure drop for this arrangement.

319


http://www.abbyy.com/buy
http://www.abbyy.com/buy

320

Problems

6-73

6-74

6-75

6-76

6-77

6-78

6-79

6-80

6-81

6-82

6-83

6-84

6-85

Air at 1 atm and 300 K flows across an in-line tube bank having 10 vertical and
10 horizontal rows. The tube diameter is 2 cm and the center-to-center spacing
is 4 cm in both the normal and parallel directions. Calculate the convection heat-
transfer coefficient for this situation if the entering free-stream velocity is 10 m/s
and properties may be evaluated at free-stream conditions.

Repeat Problem 6-73 for a staggered-tube arrangement with the same values of S,
and S,,.

Condensing steam at 150°C is used on the inside of a bank of tubes to heat a cross-
flow stream of CO; that enters at 3 atm, 35°C, and 5 m/s. The tube bank consists
of 100 tubes of 1.25-cm OD in a square in-line array with S, = S, = 1.875 cm. The
tubes are 60 cm long. Assuming the outside-tube-wall temperature is constant at
150°C, calculate the overall heat transfer to the CO; and its exit temperature.

An in-line tube bank is constructed of 2.5-cm-diameter tubes with 15 rows high and
7 rows deep. The tubes are maintained at 90°C, and atmospheric air is blown across
them at 20°C and u ., = 12 m/s. The arrangement has S, =3.75 and S, =5.0 cm.
Calculate the heat transfer from the tube bank per meter of length. Also calculate
the pressure drop.

Air at 300 K and 1 atm enters an in-line tube bank consisting of five rows of 10 tubes
each. The tube diameter is 2.5 cm and S, =S, =5.0 cm. The incoming velocity is
10 m/s and the tube wall temperatures are constant at 350 K. Calculate the exit air
temperature.

Atmospheric air at 20°C flows across a 5-cm-square rod at a velocity of 15 m/s. The
velocity is normal to one of the faces of the rod. Calculate the heat transfer per unit
length for a surface temperature of 90°C.

A certain home electric heater uses thin metal strips to dissipate heat. The strips
are 6 mm wide and are oriented normal to the airstream, which is produced by a
small fan. The air velocity is 2 m/s, and seven 35-cm strips are employed. If the
strips are heated to 870°C, estimate the total convection heat transfer to the room
air at 20°C. (Note that in such a heater, much of the fotal transfer will be by thermal
radiation.)

A square duct, 30 cm by 30 cm, is maintained at a constant temperature of 30°C and
an airstream of 50°C and 1 atm is forced across it with a velocity of 6 m/s. Calculate
the heat gained by the duct. How much would the heat flow be reduced if the flow
velocity were reduced in half?

Using the slug-flow model, show that the boundary-layer energy equation reduces
to the same form as the transient-conduction equation for the semi-infinite solid of
Section 4-3. Solve this equation and compare the solution with the integral analysis
of Section 6-5.

Liquid bismuth enters a 2.5-cm-diameter stainless-steel pipe at 400°C at a rate of
1 kg/s. The tube wall temperature is maintained constant at 450°C. Calculate the
bismuth exit temperature if the tube is 60 cm long.

Liquid sodium is to be heated from 120 to 149°C at a rate of 2.3 kg/s. A 2.5-cm-
diameter electrically heated tube is available (constant heat flux). If the tube wall
temperature is not to exceed 200°C, calculate the minimum length required.
Determine an expression for the average Nusselt number for liquid metals flowing
over a flat plate. Use Equation (6-42) as a starting point.

Water at the rate of 0.8 kg/s at 93°C is forced through a 5-cm-ID copper tube at a
suitable velocity. The wall thickness is 0.8 mm. Air at 15°C and atmospheric pressure
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is forced over the outside of the tube at a velocity of 15 m/s in a direction normal to
the axis of the tube. What is the heat loss per meter of length of the tube?

Air at 1 atm and 350 K enters a 1.25-cm-diameter tube with a flow rate of 35 g/s.
The surface temperature of the tube is 300 K, and its length is 12 m. Calculate the
heat lost by the air and the exit air temperature.

Airflowsacross a 5.0-cm-diameter smooth tube with free-stream conditions 0of 20°C,
1 atm, and u, =25 m/s. If the tube surface temperature is 120°C, calculate the heat
loss per unit length.

Engine oil enters an 8-m-long tube at 20°C. The tube diameter is 20 mm, and the
flow rate is 0.4 kg/s. Calculate the outlet temperature of the oil if the tube surface
temperature is maintained at 80°C.

Air at 1 atm and 300 K with a flow rate of 0.2 kg/s enters a rectangular 10-by-20-cm
duct that is 250 cm long. If the duct surface temperature is maintained constant at
400 K, calculate the heat transfer to the air and the exit air temperature.

Air at 1 atm and 300 K flows inside a 1.5-mm-diameter smooth tube such that the
Reynolds number is 1200. Calculate the heat-transfer coefficients for tube lengths
of 1, 10, 20, and 100 cm.

Water at an average bulk temperature of 10°C flows inside a channel shaped like
an equilateral triangle 2.5 cm on a side. The flow rate is such that a Reynolds
number of 50,000 is obtained. If the tube-wall temperature is maintained 15°C
higher than the water bulk temperature, calculate the length of tube needed to
effect a 10°C increase in bulk temperature. What is the total heat transfer under this
condition?

Air at 1 atm and 300 K flows normal to a square noncircular cylinder such that the
Reynolds number is 10*. Compare the heat transfer for this system with that for a
circular cylinder having diameter equal to a side of the square. Repeat the calculation
for the first, third, and fourth entries of Table 6-3.

Air at 1 atm and 300 K flows across a sphere such that the Reynolds number is
50,000. Compare Equations (6-25) and (6-26) for these conditions. Also compare
with Equation (6-30).

Water at 10°C flows across a 2.5-cm-diameter sphere at a free-stream velocity
of 4 m/s. If the surface temperature of the sphere is 60°C, calculate the heat loss.
A tube bank consists of a square array of 144 tubes arranged in an in-line position.
The tubes have a diameter of 1.5 cm and length of 1.0 m; the center-to-center tube
spacing is 2.0 cm. If the surface temperature of the tubes is maintained at 350 K and
air enters the tube bank at 1 atm, 300 K, and u~, = 6 m/s, calculate the total heat lost
by the tubes.

Though it may be classified as a rather simple mistake, a frequent cause for substantial
error in convection calculations is failure to select the correct geometry for the
problem. Consider the following three geometries for flow of air at 1 atm, 300 K,
and a Reynolds number of 50,000: (a) flow across a cylinder with diameter of 10 cm,
(b) flow inside a tube with diameter of 10 cm, and (c) flow along a flat plate of length
10 cm. Calculate the average heat-transfer coefficient for each of these geometries
and comment on the results.

Water flows at an average flow velocity of 10 ft/s in a smooth tube at an average
temperature of 60°F. The tube diameter is 2.5 cm. Calculate the length of tube
required to cause the bulk temperature of the water to rise 10°C if the tube wall
temperature is maintained at 150°F.
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It has been noted that convection heat transfer is dependent on fluid properties,
which in turn are dependent on temperature. Consider flow of atmospheric air at
0.012 kg/s in a smooth 2.5-cm-diameter tube. Assuming that the Dittus-Boelter
relation [Equation (6-4a)] applies, calculate the average heat-transfer coefficient for
properties evaluated at 300, 400, 500, and 800 K. Comment on the results.

Repeat Problem 6-98 for the same mass flow of atmospheric helium with properties
evaluated at 255, 477, and 700 K and comment on the results.

Air at 300 K flows in a 5-mm-diameter tube at a flow rate such that the Reynolds
number is 50,000. The tube length is 50 mm. Estimate the average heat-transfer
coefficient for a constant heat flux at the wall.

Water at 15.6°C flows in a 5S-mm-diameter tube having a length of 50 mm. The flow
rate is such that the Peclet number is 1000. If the tube wall temperature is constant
at 49°C, what temperature increase will be experienced by the water?

Air at 1 atm flows in a rectangular duct having dimensions of 30 cm by 60 cm. The
mean flow velocity is 7.5 m/s at a mean bulk temperature of 300 K. If the duct wall
temperature is constant at 325 K, estimate the air temperature increase over a duct
length of 30 m.

Glycerin at 10°C flows in a rectangular duct 1 cm by 8 cm and 1 m long. The flow
rate is such that the Reynolds number is 250. Estimate the average heat transfer
coefficient for an isothermal wall condition.

Air at 300 K blows normal to a 6-mm heated strip maintained at 600 K. The air
velocity is such that the Reynolds number is 15,000. Calculate the heat loss for a
50-cm-long strip.

Repeat Problem 6-104 for flow normal to a square rod 6 mm on a side.

Repeat Problem 6-104 for flow parallel to a 6-mm strip. (Calculate heat transfer for
both sides of the strip.)

Air at 1 atm flows normal to a square in-line bank of 400 tubes having diameters of
6 mm and lengths of 50 cm. S,, = S; =9 mm. The air enters the tube bank at 300 K
and at a velocity such that the Reynolds number based on inlet properties and the
maximum velocity at inlet is 50,000. If the outside wall temperature of the tubes is
400 K, calculate the air temperature rise as it flows through the tube bank.

Repeat Problem 6-107 for a tube bank with a staggered arrangement, the same
dimensions, and the same free-stream inlet velocity to the tube bank.

Compare the Nusselt number results for heating air in a smooth tube at 300 K
and Reynolds numbers of 50,000 and 100,000, as calculated from Equation (6-4a),
(6-4D), and (6-4¢). What do you conclude from these results?

Repeat Problem 6-109 for heating water at 21°C.

Compare the results obtained from Equations (6-17), (6-21), (6-22), and (6-23) for
air at 1 atm and 300 K flowing across a cylinder maintained at 400 K, with Reynolds
numbers of 50,000 and 100,000. What do you conclude from these results?

Repeat Problem 6-111 for flow or water at 21°C across a cylinder maintained at
32.2°C. What do you conclude from the results?

Design-Oriented Problems

6-113

Using the values of the local Nusselt number given in Figure 6-11, obtain values for
the average Nusselt number as a function of the Reynolds number. Plot the results as
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log Nu versus log Re, and obtain an equation that represents all the data. Compare
this correlation with that given by Equation (6-17) and Table 6-2.

6-114 A heat exchanger is constructed so that hot flue gases at 700 K flow inside a
2.5-cm-ID copper tube with 1.6-mm wall thickness. A 5.0-cm tube is placed around
the 2.5-cm-diameter tube, and high-pressure water at 150°C flows in the annular
space between the tubes. If the flow rate of water is 1.5 kg/s and the total heat trans-
fer is 17.5 kW, estimate the length of the heat exchanger for a gas mass flow of
0.8 kg/s. Assume that the properties of the flue gas are the same as those of air at
atmospheric pressure and 700 K.

6-115 Compare Equations (6-19), (6-20), and (6-21) with Equation (6-17) for a gas with
Pr = 0.7 at the following Reynolds numbers: (a) 500, (b) 1000, (¢) 2000, (4) 10,000,
(e) 100,000.

6-116 A more compact version of the tube bank in Problem 6-72 can be achieved by
reducing the S, and S, dimensions while still retaining the same number of tubes.
Investigate the effect of reducing S, and S, in half, that is, §, =25, =0.95 cm.
Calculate the heat transfer and pressure drop for this new arrangement.

6-117 The drag coefficient for a sphere at Reynolds numbers less than 100 may be approx-
imated by Cp =bRe™!, where b is a constant. Assuming that the Colburn analogy
between heat transfer and fluid friction applies, derive an expression for the heat
loss from a sphere of diameter 4 and temperature T, released from rest and allowed
to fall in a fluid of temperature 7. (Obtain an expression for the heat lost between
the time the sphere is released and the time it reaches some velocity v. Assume that
the Reynolds number is less than 100 during this time and that the sphere remains
at a constant temperature.)

6-118 Consider the application of the Dittus-Boelter relation [Equation (6-4a)] to turbulent
flow of air in a smooth tube under developed turbulent flow conditions. For a fixed
mass flow rate and tube diameter (selected at your discretion) investigate the effect
of bulk temperature on the heat-transfer coefficient by calculating values of # for
average bulk temperatures of 20, 50, 100, 200, and 300°C. What do you conclude
from this calculation? From the results, estimate the dependence of the heat-transfer
coefficient for air on absolute temperature.

6-119 A convection electric oven is one that employs a fan to force air across the food in
addition to radiant heat from electric heating elements. Consider two oven tempera-
ture settings at 175°C and 230°C. Make assumptions regarding airflow velocities in
order to estimate oven heating performance with and without convection under these
two temperature conditions. Make your own assumptions as to the type of food to
be cooked. Enthusiasts claim that the convection oven will cook in half the time of
the all-radiant model. How do you evaluate this claim? What would you recommend
as a prudent claim for the manufacturer of the oven to make? As a concrete exam-
ple consider cooking a 25-pound turkey at Thanksgiving. Consult whatever sources
(cookbooks) you think appropriate to check your calculations. Make recommenda-
tions that you feel would be acceptable to a typical home chef who is fussy about
such matters.

6-120 A smooth glass plate is coated with a special electrically conductive film that may
be used to produce a constant heat flux on the plate. Estimate the airflow velocity
that must be used to remove 850 W from a 0.5-m-square plate, maintained at an
average temperature of 65°C and dissipating heat to air at 1 atm and 20°C. Suppose
the plate also radiates like a black surface to the surroundings at 20°C. What flow
velocity would be necessary to dissipate the 850 W under these conditions?
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