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Table 2....App Unit Cond es for Thermal Convection for Several Flow Systems {Concluded)
Case Syctem l Heat Transfer Equationt and fts Linits of Applicstion
Free Convection®
Equation for Air
u Free convection past a heated P\s-t far\e :
Ref. 5 horizontal cylinder. ke = 0.271 (F) (B) where 10° < Ng» < 10
T Equation for Air
P\v® far\e s
12 Free convection past a | b, = 0.354 (F) (T) where 10* < Ng. < 107
Ref. 6 L single vertical surface. .

-L he = 0420 ( ; )‘ (&:)‘

where 108 < Ng, < 10

Free convection past a heated
borizontal surface (face up).

AN

Ref. 5
[eigttad

P\ese far\ess
k. = 0478 (F.) (T)

Equation for Asr
where 10 < Ng, < 107

"LL Free past a heated

‘\\ // borizontal surface (face down).

o ()

Equation for Air
where 10? < Ngr < 107

Nomendoture ond Dimensicas for Toble 2

Btu per (pound)

¢, = heat ity at t p
(Fahrenheit degree).

D = cylinder diameter, feet.

f = subscript denoting film.

¢ = body force per unit mass, feet per hour per hour
(For static system on earth, g = 32.2 X 3600 feet
per hour per hour.)

G = 3600 uwp = mass flow per unit cross-sectional srea
normal to flow, pounds per (hour) (square foot of
flow cross-section).

Ng, = Grashof modulus, dimensionless (Ng, = D%%alg/u?).

h, = average unit thermal convective conductance from
the leading edge of surface to the position z, Btu per
(hour) (square foot) (Fa.hrenbelt dagree)

hex = local unit th \ at the
position z from the leading edge of surface, Btu per
(bour) (square foot) (Fahrenheit degree).

k = thermal conductivity, Btu per (hour) (square foot)
(Fahrenheit degree per foot thickness).

= a dimension of the sy'sbem, feet.
m = a subscript denoting mean.
P = pressure, atmmphem
(:

P, = p Y} h
t = tempersature, Fahrenheit.
7= Fahrenbeit, ab

+  u = fluid velocity, feet per second.
V = volume, cubic feet.
z = a dimension of the system, feet.

.- ATCATY
perfect gases 8 = 1/T.
Al = difference between wall and fluid temperatures,
Fahrenheit degrees.
» = fluid viscasity, pounds per (hour) (foot).
p = density, pounds per cubic foot.
« = infinity, refcrnng the qunnm.y toa pomt. not directly
d by the p in q

of cubical exp

'Fluid ien should be cvaluated at the ic mean fAuid te
@ ‘;r'_‘ ons are suitable ppruci:
imeurica pammeter. For nog-ciroular cross-sectio
‘“'Flurlv'rlﬁu heat transfer by fres convection tha

an exponent equal to 025 are applicabla in the intermedists range indicated.

s, thhydnﬂmdnme(ﬂuwuﬂfofwxumf-hﬂ
€xponent towards

- divided b
‘. (""'" +cy{hd) ki vided the hydraulic diameter is employed as the coo-
-nl area dl““ by the wetted perimeter.

2210, sod for kigher rates, increases 33. The above equmnn: employing

F4 = the geometrical factor which is dimensionless and < 1.
This factor accounts for the shape and relative position
of the two surfaces. The value of F4 = 1 may be used
in the cases of large parallel planes, long conecentric
cylinders or smaller bodies in large enclosures.

Fg = the emissivity factor which is also dimensionless and <

mon suriaces, are given in Table 3. The value of Fg
for large paraliel planes, long concentric cylinders, or
large enclosed bodies is 1 + (1/& + /e ~ 1).

The radiation under black-body conditions, or for an
emissivity of 1.0, is given in Table 47 for cold surfaces as
low as —39F w warmer surfnces as high as 139 F. Some
net radiati for several common radia-

1 This factor accounts for the absorption and
of the surf for the radiation which
exists. Emissivities or absorptivities (¢) for many com-

tion systems are given in Table 5.
There are several methods by which the geometrical

2 - s
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Heat Transfer

factor F‘ can be determined. One method involves the use
of a mechanical geometrical i tor (Refs 8). Photo-
graphic and other methods are given in References 9 and 10.
Equivalent Conductance for Radiation
Although Equation 5 is a suitable equat.xon for dmcnblng
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tical analyses of heat transfer in building walls, in fin-tube
coils, and in pipe coverings, are usually computed by this
thod. The same resist: analysis may be applied to
complicated steady-state conduction problems. Table 6 gives
the resistances in six common cases of steady-state condue-
tion.
A |

anxlysns by the resistance method is well il-

radiant exchange, it is not convenient for
where other modes of energy transfer are opemtlve. For
such cases, it is ient, to define an eg

for” radiation by the equation:

g = hA{l — 1) ®)

The conductance h, thus defined is a function of the shape-
emissivity factor, as well a5 the temperatures of the radia-
tor and receiver. Fig. 7 shows a plot of the equivalent con-
ductance for two black bodies (i.e., with emissivities equal
to unity) which exchange energy only with one another.

Combined Convection and Radiation

It should be noted that the previous equations and.tables
give the heat transfer by convection and by radiation com-
puted separately. In many practical cases it is desirable to
treat convection and radiation as 8 single combined process,
using a first-power equation:

“gre = hedlty — 1) @
where ¢, is the total heat flow due to radiation and convec-
tion, in Btu per hour. Values of A, , the surface or film con-

ductance for combined radiation and convection, are given
in Table 3 and Fig. 4 of Chapter 9. Complete (-Bbl for the

T d b -1

ing the heat fer from the air out-
side to the cold water inside of an insulated pipe. The tem-
perature gradients and the nature of the resistance analysis
are indicated by the two sketches of Fig. 8.

Since air is sensibly transparent to radiation, there will be
some heat transfer by both radistion and convection to the
outer insulation surface. The mechanisms act in parallel on
the air side. The total transfer by radiation and convection
then passes through the insulating layer and the pipe wall
by thermal conduction, and thence by convection and radia-
tion into main cold water streams. (Radiation is not signifi-
cant on the water side as liquids are senslbly opaque to radi-
ahon, n.lthough water transmits energy in the visible re-
gion.) The between the i and the
pipe wall is presumed to be equal to zero.

- Referring to Fig. 8, the heat transferred for a given length
N of pipe, g.., Btu per hour, may be thought of as fowing
through the parallel resistances R, and R., associated with
the insulation surface radiation and convection transfer.
Then the flow is through the resistance offered to thermal

duction by the i i R, , through the pipe wall
resistance, R, , and into the water stream through the con-
vection resistance, R: . Note the nxmlogy to the duect cur-
rent electrical cm:\ut bl

combined heat transfer of steam and hot water radiat
plpa, coverings, etc., will be found in the appropriate chap-

HEAT-ALOW RESISTANCE -

In most of the stesdy state hest transfer problems en-

ions, more than one

of the heat transfer mechamsms are effective, and the ther-

mal-current flows through several reexshmoes in series or in
parallel. In using the resi lcul

involved are a.nalogou.s to the applxcatlon of Ohm’s Law in

electricity, viz., the heat flow or thermal current is directly

proportional to the thermal potential or tzmpemture differ-

drop is required to overcome these res:stances to the flow
of thermal current. The total resistance to heat transfer,
R, , (hour) (Fahrenheit degrees) per Btu, is the summation of
the individual resistances:

Rr = Ri4 Ri+ Ry + Rq an

where the 1 parallel resist: R, is obtained from
1 1 1
E-E + = E 12)
Provided the individual resist may be ! d, the

total resistance can be obtained from this relation. Then
the heat for the length of pipe (¥, ft) can be es-

ence, and inversely propomoml to the th 1

h—&
=7 ®

Following the electrical analogy, when there is a thermal
current flowing through several resistances in series, the re-
sistances are additive:

Rr=Ri+Ri+Bi+ - - +Ra )

Simildrly, d is the reci ! of resi and
for heat flow through several resistances in parallel, the
conductances are additive:

1 1,11 1
Crm — m o dos b om oo —
Ll R.+R,+R;+ +R.. (10)

Practical Heat Transfer Problems

The use of these relations for resistance and conductance
makes possible the solution of many practical heat transfer
problems. As discussed in Chapters 9, 23, and 32, the prac-

tablished by the relation

g~ (Btu per hour) = (13}

()]
Rr
For a unit length of the pipe the heat transfer rate is
L — )
RN

?v—" Btu per (hour) (foot) = (14)

Fig. 3 ... . Rodiation Between Surfoces




