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SECTION 1C - HEAT TRANSFER

1.

11

1.2

INTRODUCTION:
Scope:

Heat transfer is the transport of thermal energy from one point to another. Heat is transferred only
under the influence of a temperature gradient or temperature difference. The direction of heat
transfer is always from the point at the higher temperature to the point at the lower temperature, in
accordance with the second law of thermodynamics. The fundamental modes of heat transfer are
conduction, gervectionand-raciation—Conductionisthenettransferef-enrergy-within a fluid or solid
occurring by the collisions of molecules, atoms, or electrons. Convection is the tramsfer of energy
fluid motion. Convection involves the processes of conduction,fluid motion, and mass
transfer. Radiation is the transfer of energy from one point to another in the @bsencg of a
transporting medium. In practical applications several modes of heat transfer occur [simultaneously.
For example aerodynamic heating of a vehicle surface includes convection to the slurface, radiation
away from the surface, and conduction through the surface structureg:. Since the three modes of heat
transfer obey| different laws, a real insight into such a problem can be gained only after they have
been studied| separately.

Nomenclaturg:

This list contains the nomenclature used in this section. There are additional symbgls defined in
certain paragraphs directly as they are used.

elocity of sound, ft/s

Area, ft2, in?

Specific heat, Btu/lb-°F

Skin friction coefficient, dimensionless

Specific heat capagcity at constant pressure, Btu/Ib-°F
Specific heat capaeity at constant volume, Btu/Ib-°F
Speed of light,. ft/s

Diameter, ff).in

= [Self-diffusion coefficient (molecular diffusivity), ft’/s

= Base’of.the Naperian (natural) logarithm, 2.718...

= [Exponent

= [Electrical potential, volts

= Friction factor, Darcy or Fanning, dimensionless

= Configuration factor, dimensionless

= Gravitational acceleration, ft/s2

= Specific weight (density), Ib/ft3

= Weight flow rate per unit area, Ib/h-ft2

= Surface heat transfer coefficient, convection, Btu/h-ft2-°F
= Planck’s constant, dimensionless

©
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1.2 (Continued):

h = Specific enthalpy, Btu/lb

i = Enthalpy, Btu/lb

I = Current, amperes

| = Intensity of radiation, Btu/h-ft?

J = Mechanical equivalent of heat, 778 ft-1b/Btu

J = Colburn Modulus, (NStNPr?’) dlmenS|onIess

k = Thermal conductivity, Btu-ft/h- ft2-°F

K = Boltzmann’s constant, dimensionless

L = Length, ft, in

m = Massb

M =Mach number, (V/a), dlmenS|onIess

Ngy = |Euler number, (gAp/p%;V ), dlmenS|onIess

Ngr = [Grashof number, (Atx (pg) gB/p ), dimensionless
Gaz = (Graetz number, (Wcy/kx), dimensionless

Nkn = Knudsen number, (A,/X), dimensionless

Nie = [Lewis number, (Ng/Np,), dimensionless

Ny = Nusselt number, (hD/K) or (hx/k), dimensionless
Npr = [Prandtl number, (ugc,/k), dimensionless

NRre = [Reynolds number, (VDpg/y), dimensionless
Nsc = [Schmidt number, (W/pgD), dimensionless

Sst Stanton number (Ny/NreNpy) = (h/3600pgVc,), dimensionless (Note: [ The use of
3600 depends on whether V is in ft/s orft/h)
Number of transfer units, dimensionless
Pressure, psi, Ib/ft2, in Hg

Rate of heat transfer, Btu/minxBtu/h
Radius, ft, in

Recovery factor, dimensionless
Resistance, ohms

Universal gas constant, ft-Ib/Ib-°R
Temperature, °F

Temperature, ¢R

Overall conductance, Btu/h-ft-°F

Local velogity, ft/s, ft/mln

Specific volume, ft3/lb

\Velocity, ft/s, ft/min, ft/h

VWeight flow rate, lb/h

Distance, ft

= Thermal diffusivity, k/pgc,, ft2/h

= Coefficient of volumetric expansion, °F” L
= Emissivity, emittance, dimensionless

= Effectiveness, dimensionless

= Efficiency, effectiveness, dimensionless
= Absolute viscosity, Ib/s-ft, Ib/h-ft

= Mass density, Ib-s2/ft*

= Specific weight (density), Ib/ft3

o
O
=

©
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1.2 (Continued):
) = Partial
o = Stefan-Boltzmann constant (0.173 x 10°%), Btu/h-ft>-°R*
T =Time, s, h
T = Shearing stress, psi
T = Transmissivity, dimensionless
A = Wavelength, microns
Am = Molecular mean free path, ft
0 = Sweep angle, degrees
Subscripts
av =Average
aw = Adiabatic wall
crit = [Critical
eff = [Effective
T =[Total
s, S = [Stagnation, static (as locally defined)
X =|Local

1.3 Common Abbreviations:
A =JArgon
A =Ampere(s)
abs = Absolute
aero = Aeronautical
AICHE =American Institute of Chemical Engineers
AIR = Aerospace Information Report
Amer. =American
arg. = JArgument (function)
ASME = American Society of Mechanical Engineers
atm = Atmosphere
av =Average
boil = Boiling
Btu (BTU) = Britishthermal units
Chem. = Chemical
CO = [Casbon monoxide
COs, = Carbon dioxide
CHy = Methane
cond = Conduction
conv = Convection
cos = Cosine
cosh = Hyperbolic cosine
coth = Hyperbolic cotangent

crit = Critical
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1.3 (Continued):
ed. = Edition
eff = Efficiency, effectiveness, effective
Eng. = Engineering
Engrs. = Engineers
Eq.(s) = Equation(s)
erf = Error function
erfc = Complementary error function
et al. = And others (Latin)
etc. = Etcetera (and more)
evap = Evaporation
exp = [Exponent
°F =|Degrees Fahrenheit
ft (FT) =Foot (feet)
Ho =|Hydrogen
He =Helium
Hg = Mercury
h =Hour(s)
IME = [Institute of Mining Engineers (British), Institution-of Mechanical Enginegrs (British)
in =lInch(es)
Inc. =|Incorporated
J. =ournal
lam = Laminar
Ib (LB) = [Pound(s)
lim = Limit
In = Natural logarithm to the base e
log = |Logarithm to the base 10
m = Meter(s)
max = Maximum
min = Minimum
Ne =Neon
N5 = [Nitrogen
N,O = Nitrogen oxide
NO = Nitrous .oxide
No., no. =Number
NACA = [Natiorial Advisory Committee for Aeronautics
O, = 0Oxygen
p. = Page
pp. = Pages
Progr. = Progress
psi = Pounds per square inch
psia = Pounds per square inch, absolute
psig = Pounds per square inch, gage
°R = Degrees Rankine

rad

= Radiation
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1.3 (Continued):

2. CONDUCTION:

21

Rev. =
RML =
SAE =
S =
sat =
Sci. =
Sept. =
Sl =
sin

Review

Research Memorandum (Lewis)

Society of Automotive Engineers

Second(s)

Saturated

Sciences

September

International System of Units (Systéme Internationale, France)
Sine

sinh
Soc.
sub
tan
tanh
temp
TN

TR

tot
Trans.
turb
UAC

A

Vol (Vol.)
W
WADC
A

M
d

Mechanism ¢

The study of
surroundings

vaacrbaoalie cun
brperbehe-sine
Society
Subcooled
Tangent
Hyperbolic tangent
Temperature
Technical Note
Technical Report
Total
Transactions
Turbulent
United Aircraft Corp.
\Volt(s)
\Volume
Watt(s)
VWright Air Development Center
Increment or difference
Micron (10 meter)
Partial derivative

f Heat Conduction:

conductive heat transfer within a system (body) includes a study of the
, or\boundary conditions, upon the system. These boundary condition

effect of the
5 may consist of

convective, ¢

onductive, or radiant heat transfer or an arbitrary heat input rate. The s

pystem will react

by transferring heat within itself by conduction, which is the flow of heat from a hotter to a cooler area
by a kinetic interchange between colliding particles (molecules, atoms, or electrons) or by a change
in the thermal storage, or both, which is the absorption of internal energy (molecule vibration)
accompanied by a change in temperature or of the state of the system. All these effects may be
related mathematically through a series of differential equations, and the solutions may be divided
broadly into steady and unsteady state (transient) heat transfer problems.
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211

Steady-State Heat Transfer: A steady-state condition may be defined to exist when the flow of
heat and the temperature distribution within the system are functions of position only and are
independent of time. Under these circumstances, heat may be transferred by conduction only (in
the absence of internal radiation or convective currents). It has been established empirically that
the rate of heat flow by conduction, q, in Btu/h, between two parallel planes of area A a distance x
apart and at temperatures t, and t, may be expressed as

where:
k =
Usually, it

temperatur
(Fourier’s I3

where:

g/A

Transient Heat Transfer: The unsteady state (transient) condition implies that the
time variant, and therefore that energy storage must be considered in addition to h

This may b

where:

q:

m = Elemental mass

c=
at/

X

(Eq. 1)

Proportionality factor known as the thermal conductivity, a material pro
b, so that heat flow is linear with temperature differential. The heat con
hw of conduction) may also be expressed in differential:form as

g:_ ﬂ
A kdx

= Heat flux and is in the direction of negative temperature gradient, dt/

e expressed in differential form as

- mc 9t
q dt

Net heat\flow into or out of storage

Specific heat per unit mass

perty

5 taken to be independent of the direction of heat flow (isotropic medium) and of

juction equation

(Eq.2)

o)'¢

heat transfer is
eat conduction.

(Eq. 3)

r ="Rate of temperature change

It is noted here that mc is a material property and is usually assumed to be independent of
temperature.
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2.2 General Energy Equation:

The laws of heat conduction and storage expressed in 2.1.1 and 2.1.2 may be combined into what is
known as the Fourier-Poisson heat conduction equation. For a generalized, curvilinear orthogonal
coordinate system (see Figure 1) with internal heat generation and conductivity allowed to be a
function of temperature, this is

(Ea. 4)
9 ) (L) ot . ot
MY {k ( x)aaH *a = pgc 5
where:
pdn, AdE, and vdp = Length of sides of the elemental volume.(see Figure 1)
M, A, and v = Unit vectors
g' = Tjme rate of energy generation in the fluid per unitooelume, Btu/h-ft3
2.2.1 Rectilinear|Coordinates: These are:
L=2x=v=x (Eq. 5)
d§¢ = dx;dn =dy;dp = dz (Eq. 6)
m
P
1o
NdE
3

FIGURE 1 - Curvilinear Orthogonal Coordinate System
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2.2.1 (Continued):

and for constant conductivity and no internal heat generation:

2 2 2
m:a@hihig
2 Z2

ot ax* 3y’ 9
where:
o = k/pgc = thermal diffusivity
2.2.2 Cylindrical Coordinates: Refer to Figure 2.
A =1 w=r
v =1 d¢ = dz

dn = d¢ dp = dr

dr
d¢

r

dz

FIGURE 2 -€ylindrical Coordinates
For constant conductivity and no internal heat generation,

2 2
ot (ot 1ot 1 Jt ot
eﬁ_“[_ﬂar*rz " 2}

2
ar? 8(])2 0z

For no heat flow in the-and z directions (radial flow only),

2
ﬂ:a@h%%

(Eq.7)

(Eq. 8)
(Eq. 9)
(Eq. 10)

(Eq. 11)

(Eq. 12)
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2.2.3 Spherical Coordinates: Refer to Figure 3.

224

u=1 A=T
v = rsing dn = dr

dé¢ = d¢ dp = dy

For constant conductivity and no internal heat generation,

ot o 2% oot 1 9% A, 1 at)

For radial h

Initial and Boundary Conditions:" Before the preceding differential equations can b
tion of the temperature distribution or heat flow rate, it is necessary to
subsidiary equations, which may be described as the temperature distribution at ti
conditions at the boundaries of the system which affect the heat flow into or out of
From the nature of'the equations, it is apparent that it is necessary to specify one
and two bolndary conditions for each dimension considered. The specification of
self-evident [t(0,x,y,z),etc.], whereas the specification of the boundary

unique solJ

condition ig

T 22U 52 T ginZeau? g2 t@N0oo)

FIGURE 3 - Spherical Coordinates

eat flow only,

2
EIRE [ygmj
o7 or ror

(Eq. 13)
(Eq. 14)
(Eq. 15)

(Eq. 16)

(Eq. 17)

e solved for a
ntroduce

me zero and the
the system.
initial condition
the initial
condition may

take severe

1L£ Oy 2l N H g+ £ 4 £1 Tl IR0y + A o,
TV S, UCPCTIUNTY UMVUTT UTC Ly VS U TTICAl TTIUVY. TTTC TTHUS U LUTTITTIVTT DUU

for the x axis are;

dary conditions
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2.2.4 (Continued):
(a) Specified wall temperature:
t(t,xy.,2) = t4 (Eq. 18)
(b) Insulated wall:
Mrxy2) - o (Eq. 19)
(c) Convection:
_k%%ol = hity—1) (Eq. 20)
(d) Radiatipn:
KD o ittt (Eq. 21)
where:
h =[Local heat transfer coefficient

Fi2

2.3 Steady-State

The simplest

flow with spegified wall temperature at each boundary.

231 HeatFlow

= Configuration factor
Heat Conduction in One Dimension:

solution of the heat conduction is that for-steady state (dt/ot = 0) and g

Between Parallel Walls (Slab): Refer to Figure 4.
t(o) = t,
tlL) = t,

t,o=t, - (t; -ty )E(

kA
q= T(t1 _tz)

ne-dimensional

(Eq. 22)

(Eq. 23)

(Eq. 24)

(Eq. 25)
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2.3.2 Heat Flow

X =9
‘LO{

FIGURE 4 - Heat Flow Between Parallel Plates

hrough a Cylinder: Refer to Figure 5.

t(r) = 44
t(rp) = 1,

In(r/ry)
1= 2)In(r2/r1 )

to=t,—

r

g _ 2nk(ty —t,)
Unit length In(ry/ry)

FIGURE 5 - Heat Flow Through a Cylinder

(Eq. 26)

(Eq. 27)

(Eq. 28)

(Eq. 29)
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2.3.3 Heat Flow Through a Sphere: Refer to Figure 6.

t(ry) = t, (Eq. 30)
t(r,) = t, (Eq. 31)
_ t -1 t -1
b=t _1—(r1/r2)+[(1/r1)—(1/r2)]r (Bq. 32)
4mk(t, —t
g - bl (Eq. 33)

T =C1y)

FIGURE 6 - Heat Flow Through a Sphere

2.3.4 Heat Flow Through Composite Materials.. When considering the flow of heat throyigh materials of
different thermal properties, or perhaps-of varying geometrical properties, it is valuable to consider
two concegpts:

(a) Thermgl Resistance - This is analogous to electrical resistance and permits the¢ use of the well-
known electrical laws, for’adding resistances in series for the flow of heat through composite
materigls (or adding‘conductances in parallel when heat flows through several parallel paths).
This cohcept often will permit the writing of complicated heat flow equations by inspection.

(b) Overall|Conduttance - This is the reciprocal of the total resistance to heat flow. The overall
conductance, when multiplied by the overall temperature difference, results in heat flow per unit

area across the system being considered.
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2.3.41 Slab: Refer to Figure 7. Materials 1,2,...n have conductivities k4,k,,...k,, and lengths L4,Lo,...L,,
respectively.

t(0) = t, (Eq. 34)
t(Ly+Ly+..Ly) =t (Eq. 35)
[(L1/Ky) + (Lo/Ko) + ... (AX/K )]

n
> (Ln/kn)

o=t —(t—t)e (Egs. 36, 37)

02 NN
L~ ‘@ ,’\:l'_ i’:,‘\‘”n
“~ /,.;,,‘,“

N
;‘“—1 *“ Lz"l" Ln‘J

FIGURE 7 - Heat Transfer in a Slab

. Aty -t
(L, /K + (L Ky) + (L /K

q = UA(t, -t) (Eq. 38)

where;

1
U= = Qverall conductance Eqg. 39
(L, /K + (Ly/Kg) + (L Ko) (Eq. 39)
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2.3.4.2 Cylinder: Refer to Figure 8.

tr = t1 _(t1 _tn)

AIR1168/2A
t(r) = 44
t(r) = t,

() m(@)(n(

2

q

(l\ In (rn_*'ﬂ
\kn/ \ M J

n

AN

y
1

2n(ty -t,)

Unit length " n (kl) | (rn+1)

FIGURE 8 - Heat Transfer in a Cylinder

(Eq. 40)

(Eq. 41)

(Eq. 42)

(Eq. 43)
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2.3.4.3 Sphere: Refer to Figure 9.

t(ry) =ty (Eq. 44)
tr,) = t, (Eq. 45)
1(1_1 1(_1
~ ki (r1 rz) e k; (ri r)
to=t —(t ~t) ] (Eq. 46)
T‘l (l+ 1 \
%‘kn \rn rn+1/

(Eq. 47)
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2.4 Steady-State Heat Conduction in Two and Three Dimensions:
2.41 Conduction Shape Factors: The general equation is

g = QATK

Table 1 is adapted from Reference 17.

TABLE 1 - Shape Factors

~ol-

O [0 O [0
L/D 1/¢ 1/ 1/¢
1 0 0 0
2 0.10 0.12 0.13
3 0.16 0.17 0.18
4 0.20 0.22 0.23
5 0.23 0.24 0.25

2.5 Steady-State|Heat Conduction With Convection as a Boundary Condition:

The solution to all preceding geometries, with convection as a boundary condition, 1
written by ingpection if it is remembered that

_ AToverall
Samrof Thermal resistances

q

where the thérmal resistance for.convection = 1/hA.

(Eq. 48)

nay easily be

(Eq. 49)
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2.6 Heat Transfer Through Fins in Steady State:

26.1

General Nomenclature: A fin may be described as a material of finite thermal conductivity, which is
heated or cooled convectively from a fluid flowing over its surface and which transfers a finite

quantity of heat or cooling by conduction through its base into the material to which it is connected.
For all fins described herein, the conductivity through the thickness of the fin (in the direction of J)
will be considered infinite; that is, the temperature will be uniform at any point x. Also, the material

conductivity will be assumed independent of temperature.

In describing the thermodynamic

performance of a fin, the significant performance factor is a term called the “fin effectiveness,” e,
which is a ratio expressing the fraction of the surface area that is effective in transferring heat

through the

haca ~Ff th o armae-aoftha baoaca tonan - TRT-WP-X 3 | “W-NE TT- I | V- 3

The followi

added as required for particular solutions.

A = Total fi surface area, ft2 (both sides)
h =Heat tra)nsfer coefficient between fin and fluid (h4 for interface 1, h, for interfag
Btu/h-ftf-°F

k = Thermal conductivity of fin, Btu/h-ft-°F

m = Tempgrature of fin if there is no fin effect, °F

t, = Tempefature at base of fin (surface to whichifin is connected), °F
t, = Temperature of fin at point x, °F

t1,b,...t5 = Fluid temperature over area 1,2;-.,n, °F

g, = Heat transferred out of fin to connegting surface, Btu/h

d1,94, or q4 = Heat entering fin fronfluid 1,2,...,n, Btu/h

x = Distance from origin, ft

0 = Fin thic

=T ] +
MAUow Ul I IIII III CITTTo VI UTv VAdoo LGIIIHGIGLUIG TN T, it IJ,

_ %
AN, -ty

ng nomenclature will be standard for all solutions, with additional nome

kness, ft

(Eq. 50)

nclature being

e 2, etc),
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2.6.2 Finite Length Rectangular Fin: Refer to Figure 10.

4 )
ao=to 3 S

FIGURE 10 - Finite Length Rectangular Fin

t) =t +(t,—t ) C—OSC'LS](';LX)]

A
Ao = (g +hy)elty —to)

A

A = hy Sty —te)e+ (b —t)]

A A

where:
! h,ty +hot,
m h, +h,
h,+h
1 2
a =
ké
A o 2L®)
_|tanh aL
¢ aL

1

7+ (171

(Eq. 51)

(Eq. 52)

(Eq. 53)

(Eq. 54)

(Eq. 55)

(Eq. 56)
(Eq. 57)

(Eq. 58)

(Eq. 59)
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2.6.3 Annular Fin: Referto Figures 11 and 12. This is a problem in radial heat flow, where a circular disk
of radius L + L' surrounds a heat sink of radius L' and temperature t,. Convection from
temperature t4 and film coefficient hy surrounds the fin.

hLt . 1 i

v AN v
i
QB '

FIGURE 11 - Annular Fin (No Temperature.Drop
Assumed Through Vertical Cylinder, \Wall)

. N\

4
\ 0.4
06 087 1.0

FIGURE 12 - Efficiency of Annular Fins of Constant Thickness

tX_t'l — (1)+(2) E 60
t,-t,  (3)+(4) (Eq. €0)
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2.6.3 (Continued):

where:

)]
(2)
(3)
(4)

= I, [(L + LYa]K, (@)
= K, (L + LYa]l (@)
= I,[(L + LYa]K,, (aL)

= K,[(L + LYa]l, (aL’)

where:

(3)
(6)
(7)
(8)
(see Figure

where:

lo(a
I1(a

Ki(

wr. ((5)— (6
q, = 2nL'koa (%}(to—m

= (L +L)° - L?Th,e(t, —t;)

= I, [(L + L)a]K, (aL’)
= K,[(L + L)a]l, (L)
= I, [(L + L)a]K, (aL’)
= K,[(L + LYa]l, (aL’)

12).

rg) = Modified Bessel Function, first kind, zero order
rg) = Modified Bessel Function, first kind, first order

Ko(Irg) = Modified Bessel Function, second kind, zero order

rg) = Modified Bessel Function, second kind, first order

a-= /h1/(k8)

(Eq. 61)
(Eq. 62)
(Eq. 63)

(Eq. 64)

(Eq. 65)

(Eq. 66)

(Eq. 67)

(Eq. 68)

(Eq. 69)

(Eq. 70)



https://saenorm.com/api/?name=e7cf83fb79ad34bfbaa4cd9f1593102e

SAE AIR1168/2A Page 32 of 194

2.6.4 Finite Length Fin With Constant Heat Flux Near One End: Refer to Figure 13. This is the case of
a convectively cooled surface of finite length |5, in the positive x direction; the boundary condition at
X = |, is dt,o/dx=0.

For x> 0,
to-t, cosh a, (I, - %)
ty—tm  (ay/ap)sinh a,l, - coth ayl; +cosh a,l, (Eq. 71)
Y, : 7
!l
hpty hy.t i
i ! 2 3
LR MWM; hatz
7 A — 7
) ek t 7
x=0 \
FIGURE 13 - Fin With Constant Heat.Flux Near One End
Forx <0,
’[q—’[x1 _ (@ay/ay)cosh a; (I +x) (Eq. 72)
ty—tn  (ayfaj)cosh@ly + sinh a,l; - coth a,l, '
where:
ty 9 (hety +a)/hy (Eq. 73)
a; + Jn,/(kd) (Eq. 74)
a, /(a1 +h,)/ (k) (Eq. 75)
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2.6.5 Finite Length Fin With Step Change in Convective Heating Near One End: Refer to Figure 14.
The surface is of finite length |, in the positive x direction, and the boundary condition at x =, is

(dt,o/dx) = 0.

N
=
»
N
"ol

FIGURE 14 - Fin With a Step Change in Convective Heating Near One|End
For x> 0,

t,—t cosha, (I, - x
x2 " 'm2 _ _ 2 (3-%) (Eq. 76)
th1—tmo  (@y/aj)sinh a,l, - coth a4l cosh a,l,

Forx <0,

tmr—teg (ay/aq)cosh a; (I +X) (Eq. 77)

t1 —tmo - (ay/ay)coshia,l, +sinh a,l, - coth a,l,
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2.6.6 A Finite Length and an Infinitely Long Fin Welded Together Near One End: Refer to Figure 15.

This is the case of two fins of different materials joined together near one end for a length 1, so that
there is perfect thermal contact in that area, with homogeneous thermal properties. One fin is very

long and the other is of length I3. The convective heating and cooling over the various surfaces is
noted in Figure 15.

o2
~N
. v

FIGURE 15 - Fins of Different Materials Joined at One End

Forx >0,
k,8,a ts—t.» k3032
utanh a1|1 4 m3  "m2 *3-3 3tanh a3|3
bo—tmz _ |K2B22 mt ~m2 k2052 e 22" (Eq. 78)
tr1— tmo kyd13, k33383 |
1+ —=—tanha |, + tanh asls
k58,2, k2828,
toq—t k,8,a
tg—t C (14 s anh agly) -
x3 " tmp _ | _‘matin2 20287 [cosh agx —tanh asl, - sinh alx] (Eq. 79)
tn1—tnb k10,8, k3dsas
1+ —=—tanh al, + tanh a5l
ko852, K288,
Forx <0,
t -t 3 k3dsa
o 1 +tm1 —tm3 k383a3 tanh agly
m1 %1 _ m1~ m2 "29292 [cosh a,x+tanh a,l, - sinh a,x] (Eq. 80)
t -t o k8,2, K33323
1+————tanha,l, + tanh a;l;
ky8,8, k2878,
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2.6.6 (Continued):

where:

m1

m2

t

m3

2.6.7 Two Finite
case as thg

hy+hs

h,+h,
k282

7 =

h-+th
N 9 4

| '\/ k383

_ hqty +hsty
h1 +h3

hyty+hyt,
hy+h,

_ hatz+hyt,
hy+h,

| ength Fins Welded Together Near One End: Refer to Figure 16. Thig
tin 2.6.6 except that the boundary gondition at x = |5 is dt,»/dx = 0.

M

FIGURE 16 - Fins of Finite Length Joined Near One End

(Eq. 81)

(Eq. 82)

(Eq. 83)

(Eq. 84)

(Eq. 85)

(Eq. 86)

is the same
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2.6.7 (Continued):

Forx <0,
] +tm1 ~tns k383a3 tanh asl,
t -t t -t k-,&,a, tanh a,l
mi_x1 - mi_m2 2 2°2 22 [cosh a,x +tanh a I, - sinh a,x] (Eq. 87)
t—to ki8;a, tanh a,l;, ksdsa5 tanh asl;
k,8,a, tanh a,l, k,8,a, tanh a,l,
For x> 0,
ki8;a, tanh a l, t, s3-t., k3dza5 tanh asls
t,—t k,8,a, tanh asl, 1 —t.> ky0,a, tanh a,l, )
tx2 tm2 = s tarh aml nll S e A [cosh a,x —tanh-d3h,~ sinh a,x]  (Eq. 88)
m1~ ‘m2 1914 11 30393 3'3
k,8,a, tanh a,l, k,8,a, tanh a,l,
t1 —tms k8,4, tanh a,l,
t .-t t -t (1+k8a ’(anhalz)_1
x3_m3 _ | __ml m2 2272 2 [eosh agx —tanh asly - sinh ax] (Eq. 89)
to—tob ki8;a, tanh a,l; kszdsa; tanh azl;

2.6.8 Fin Effectiy

would be tr|

k,8,a, tanh asl, k,8,a, tanh asl,

ansferred in the absence of .gonduction (through surface 2 only) and is

yi i ity ' Jy
! 'x2 @ 82

E@'*'i nata 6* Z
t ! te 3

[ S F—7,

A—- " ’2“3 ‘—-——‘Z/’

eness of a Welded Double Skin: Refer to Figure 17. Fin effectiveness
may be defined as the ratio of the heat that-is transferred out of the surface 1 plus

for this case
2 to that which
equal to g,.

FIGURE 17 - Effectiveness of Welded Double Skin
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2.6.8 (Continued):

_ Yin

€
oa
qno fin

I (o}
[ ittty ax II hy(tey —t;) dx
= o _1

+
Uly(t, — ty) Ul (t, ;) (Eq. 90)

Ule, U lie
191, Ze3 11

—+——g,t¢€
-1+ hyl, —hy loes 37
1+£1+£‘;3
hoey hyg
where:
ud — 1 (Eq. 91)
(1/hy) +(1/hy)
tanh a, |
g amha (Eq. 92)
aqly
tanh a,l
e, 1 — 8272 (Eq. 93)
aly
tanh a.l
e 1 anh asls (Eq. 94)
asls
A
B W (Eq. 95)
| [y +h,
1 s, (Eq. 96)
| | 2 (Eq. 97)
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2.6.9 Fin Thatis Heated by a Blanket and Loses Heat at One End: Refer to Figure 18. This is the case
of a fin heated by a constant flux qy, which is located in a “blanket” wrapped over the outside of the
fin. A thermal resistance R, separates the heat source from the fin, and another R4 separates the
heat source from ambient temperature t;. One end of the fin (x = 1) has a finite thermal
conductance UA (per unit width) to temperature t,, and the other end of the fin (x = 0) is insulated.

to -1

t, —t (-t
T e | (Eq. 98)
—t, kda
X 0 1+ UA tanh al
L ]
where:
1/(R; +R,)]+h
a= J[ (R1*R)I* s (Eq. 99)
ko
1ty )0 = Temperature difference between fin and ambient/if there were no fin gffect
hot JrqH+(’[1/R1)
_ 33 1+ (Ry/Ry) (Eq. 100)
- 1
hs+
Ry +R,
7
Heat S
0 R R [t
Fin tx 3 jua[p
aEmm—— h3,f3 ’
I
Gl ———— ——
n
5
£ X

FIGURE 18 - Loss of Heat at One End of Fin
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2.6.10 Fin Heated by a Blanket With a Linearly Varying Heat Flux: Refer to Figure 19. This case is the
same as the preceding one except that the heat flux is constant for X < 0, and varies linearly for

X>0.
Y R, Ry Heat Flux
xi 1 A2 3 UArrE—.
|
t, "3»}'3 ', !
1
ay b T
oo ——— —+"
—x
)
FIGURE 19 - Fin Heated With Blanket; Linear Varying Heat Flux
For X <0,
e — 1 _ (ac/d) +b .
Tt [a[tanh al, + (e/d)]} [cosh ax + tanh al,; sinh ax] + 1 (Eq. 101)
For X >0,
Lot [ (ac/d) +'b }
(theo-ty), a[tanh aly ¥ (e/d)] (Eq. 102)
- [cosh ax +tanh aly sinh ax] + [~ (b/a) sinh ax + bx + 1]
where:
h 1/(R++R
a=J3+[ Bt Ryl (Eq. 103)
kd
[Re{day/dx)1(R; +Ry) 4
b= Eq. 104
h-+[1/(R;+R,)] (i, —t,)_ (Eq )
_{UA[ o ol | (VAT
c = [kSa[1 o=y (el )b (Eq. 105)
- UA sinh al,, + cosh al, (Eq. 106)

kda



https://saenorm.com/api/?name=e7cf83fb79ad34bfbaa4cd9f1593102e

SAE AIR1168/2A Page 40 of 194

2.6.10 (Continued):

_ UA
e_

‘oa cosh al, + sinh al, (Eq. 107)

qH+(t1/R1)_

he=tdo = Mals ™ Tm R,y 1

(Eq. 108)
2.7 Transient Heat Conduction:

This section treats solutions to the general heat conduction equation when the term dt/dt # O; that is,

the temperat MMMMMWWMJEE‘me. For
simplicity, solutions will be presented only for those cases where there is a step change in the

boundary conditions at time zero and where the initial temperature is uniform. For gther
assumptions|and the conversion of the step change to an arbitrary time dependent input, see
Reference 2.

2.7.1 Solid of Infinite Thermal Conductivity: In this case the temperaturée of the body is Liniform
throughoutfat each instant of time, and the body, whose thermal capacity is mc, re¢eives heat from
the surrourlding fluid of temperature, t_, by convection. See Figure 20.

1.0
| l | ! l
0.8 — i
T o6 | n
2
7 lo4 4
&
02 i
g | | |
o 05 +0 15 2:0 25 30 3.5
Y
T

FIGURE 20 - Solid of Infinite Thermal Conductivity
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2.7.1 (Continued):

27.2

where:

t -t -
o (Eq. 109)

t. = Body temperature at time 7, °F
t; = Body temperature at time O, °F
t., = Temperature of surrounding fluid, °F
7 = Time after initiation of step change, h

T = TII e LUI Ibtdl It Uf Il.)Ukj_y

ME h

hA’

m 5 Mass of body, Ib

¢ = Specific heat of body, Btu/lb-°F

h =Heat transfer coefficient over body from surrounding fluid, Btu/h-ft2-°F

A =|Surface heat transfer area of body, ft2

Semi-Infinife Solid With Known Surface Temperature: See Figure 21. This is the case of a very
thick slab whose initial temperature is t; and whose surfageat x = 0 is suddenly changed to

temperaturg t, at time zero.

FIGURE 21 - Semi-Infinite Solid With Known Surface Temperature
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2.7.2 (Continued):

t, -t
1-erf X

t, -t
o1 24t (Eq. 110)
= erfc
2oz
where:
t, . = Body temperature at distance x and after time 1, °F

o = Thermal diffusivity of material, k/pgcy
7 = [lime atter initiation of step change, h 5 s
erf (€) = Gauss error function defined as erf (€) = T Ie'“ dn where n iS)a"dummy variable
T
o]

erfd (§) = Complementary error function defined as erfc (§) = 1 - erf(£)
This equatipn is plotted in Figure 22 for the case of hx/k = .

2.7.3 Semi-Infinife Solid With Convection at the Surface: This is the.Same as the preceding case except
that the surface at x = 0 is heated from the surrounding fluid.oftemperature t_ by film coefficient h.
This solutign is presented in graphical form in Figure 22 fer various values of the dimensionless
parameter hx/k.

(tx,r 1)t — ti)

0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6
x/2vat

FIGURE 22 - Semi-Infinite Solid With Convection at the Surface
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2.7.3 (Continued):

te 1 X [hx h? j x . h
2 = erfc——-|eexp| =+—=01 erfc + = Jat Eqg. 111
t. -1 2Jaz [ Lk K2 [ (ZA/(X’C k )} (Eq )

2.7.4 Semi-Infinite Solid With Constant Heat Flux at the Surface: This is the same case as above
except that the surface x = 0 is heated by a flux of Q,, Btu/h-ft2. Refer to Figure 23.

bl 2 BT .
SR T e exp( 2] ~erfo (zm) (Eq. 112)
10 -1 11 M | ¥ 1 I i fTI

llllll

lllll[l i

(tx,z — ti)/Qox/k

lllllll A

]

i

oor Lol 0 il
06 1 2 5 10 20
Vot /x

FIGURE 23 - Semi-Infinite Solid With Constant Heat Flux at the Surface
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27.5

276

277

27.8

Slab With Convection at the Faces: This is the case of a slab of thickness 2L of initial temperature
t; which is heated by convection on both faces by a fluid at temperature t_ and film coefficient h.
Since the equation expressing this case is an infinite series that is tedious to calculate, only the
graphical solution of Figure 24 will be presented.

Infinitely Long Cylinder With Convection Over the Surface: Refer to Figure 25.

Solid Sphere With Convection Over the Surface: Refer to Figure 26.

Infinitely Long Fin: Refer to Figure 27.

Lot _ 1 _x 2h
==-e erfc
t,-t 2 kS 2 / ot 8
0 (Eq. 113)
1 .
X 2h
5 [ erfc , ’
k& 2 / oT
bt hoto
I x
i-— 2L
!-g — T ——100 25
B NN 17 4
& —~—t 2 N — —— Z
AN s 0y g S L 1) - h — g 2 5=
NN - ~lo \\\\ \.\\,\\ ] 1.5 =]
a - ~ 075 ~3 ~ o
AN B =W —— = =
< 4 20.50 AN - 3 0.75
2 ~Fo.25 A e l
L0 . CECALE B - 0.60 SN B N
X AT R ~ T 0,25 |
.. | - Mo \\ N | o o] o.:o\ X ;
8 700 % 25
. —21 4
- 6 M . ——— 2 ——— —— P i:
16— NS S e A s () AN s S o N
L a A - P~ 0 \ e i L8
i Q.75 | 1
- . P < .0
A RGN = AN N R —~ R
3 . —=0.50 - 0.75
T 5 : \\\'_\ Bt } n N "\‘ K - { I
= | A X o0 2ed- T 0.25 X 080 P 0.50
L nL o L PP 1 <3
~o_| oo [\\ Ly o |o0ig c.25 ‘
o I N hL NN e
o t — 00 25
— 4 — 5 =25 1
6 1 : Do — hid
N |.le \\: s S s s S s - [2 B
Ny T . ] e [ —~
4 < TS 0.75 L0 in- — - — T2 s =
e el | RS
3 ~ VTSN P I 1.0
. <~ ~{ T I-o 561 Za \017'5 A
I N ~ ~ At ey
L 0.40 _hLL: NI N 0.0 B oot N O e
T 010 1088 [ N X:i0 Tozs-twC | | Toso
ot [ | l O ™o NLE 9 I Lol 7P
o 2 a 6 8 ) 1.2 ) 2 a ) 8 o 12 1.4
at/L?

FIGURE 24 - Slab With Convection at the Faces
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FIGURE 25 - Infinitely Long Cylinder With Convection Over the Surface
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(txx —ti)/(to— 1)

2

2.7.9 HeatFlow
presented i

This may b
temperatur
principle ar|

CASE 1. S
Figure 28.

2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
x/2Nat

FIGURE 27 - Transient Temperature Rise of Fin

txy,z,t) = tx,1)ty,7) - t(z,7)

e given in the following paragraphs.

X
bFJY

e b 4

h, t 4

n Two and Three Dimensions: The general'solution to the heat condugtion equation
h 2.2 often may be obtained as the prodaet of the solution for each dimension:

(Eq. 114)

e solved for the case of uniforminitial temperature and either fixed surface
bs or convection to the surrounding fluid. Typical examples of the appljcation of this

emi-Infinite Cylinder> This is the region of a long cylinder near one endl, shown in

.—fo—u
3

=

FIGURE 28 - Region of a Long Cylinder Near One End
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2.7.9 (Continued):

Solution:
t—too _ tr’,t—too tX,’C_ti
-t [ti—tw }[1 - tw—ti} (Eq. 115)
where from Figure 25,
bote (1 oor k.
-t __f[}n’r2’hr;] (Eq. 116)
8]
and, from Equation 111,
- (Eq. 117)
t.-4 2 Jor K

where f means “function of”.

CASE 2. Hinite Cylinder - This cylinder, with length 2L, is.of.the same order of magnitude as its
diameter. $ee Figure 29.

FIGURE 29 - Finite Cylinder

Solution:

t-t rt —tart -t

= Eq. 118
ot LGttt (Eq. 118)
where, from Figure 25,
bemte _ffr ar k.
= = f[ro, 2 hroj (Eq. 119)
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2.7.9 (Continued):

and, from Figure 24,

beamle _o(x 01 k
- f(x 25 (Eq. 120)

CASE 3. Quarter-Infinite Solid - This is the region near the edge or intersection of two
perpendicular faces of a large solid, as shown in Figure 30.

FIGURE 30 - Region Near the Intersection of Two Perpendicular Faces of a Large Solid

Solution:

t-t, _ g o—t o
[1 ot }[1 N\ } (Eq. 121)

where, from Equation 111,

Lot X hxy

12T (zm, T) (Eq. 122)
t -t h

obet f(z%, %) (Eq. 123)

t, -t

CASE 4. Highth-Infinite Solid - This region is near the corner or intersection of three mutually
perpendicular faces(of a large solid. See the sketch shown in Figure 31.
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X3

X2

FIGURE 31 - Region Near the Corner of Three Perpendicular Faces of a Large Solid

2.7.9 (Continuedy:

t-t., _ [1 _tx1,r_tii||:1 _'&2,1"‘1[1 _tx3,1:_tii| (Eq. 124)
t_t t, -t t,—t; -t '

where, from Equation 111,

b=t _ o X hXg

o2t —f(zm, k) (Eq. 125)
bo—ti_ (2 X

R —f(zm, k) (Eq. 126)
baach_ (X Nxg

-5 —f(zJa_T, k) (Eq. 127)

CASE 5. Semi-Infinite Slab --This is the region of a large slab near one plane surface
perpendicular to the faces of the slab. See Figure 32.

FIGURE 32 - Region of a Semi-Infinite Slab
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2.7.9 (Continued):

Solution:

t-t, _ (1 _tx1,1:_ti) (tx2,1_too)
it -t/ Ut

where, from Equation 111,

TRk f( X1 hﬁ)
t—t 2.Jor K

(Eq. 128)

(Eq. 129)

and, from RHigure 24,

bomte _ f[é ot h'—j

t—t. L2 k

CASE 6. Quarter-Infinite Slab - This is the region of a large slab near the interseq
perpendicular surfaces, each of which is perpendicular to thé.faces of the slab. S

...Xl

o | —phe— |_ 4

b

FIGURE 33 - Region of a Quarter-Infinite Slab

Solution:

(Eq. 130)

tion of two
be Figure 33.

t-t, _ (tx1,1_tw) (1 _tx2,1_ti) (1 _tx3,r_ti)
Tt V-t -t -1,

where, from Figure 24,

bt ot = f X1 at hL
Oy L2 K

(Eq. 131)

(Eq. 132)
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2.7.9 (Continued):

and, from Equation 111,

1 beati f( X3 hxz)

= , —= Eq. 133
Lt 2das K (Eq. 133)
et _ (X hXg
1o (zm, k) (Eq. 134)
CASE 7. Infinite Rectangular Rod - This is the region of a long rod of rectangular cross section

(width 2L,

an ICKness ZL,) remote from both ends or a rectangular rod with ingulated ends.
Refer to Figure 34.

rl

FIGURE 34 ~Infinite Rectangular Rod

Solution:

T

where, from Figure 24

b, te _ f(ﬁ ot h'—1]

il (S Fa- 19
1

t —t X hL

20 w:f[_{%,_zj (Eq. 137)

-t L 2" k
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2.7.9 (Continued):

CASE 8. Semi-Infinite Rectangular Rod - This is the region of a long rod of rectangular cross
section near one end, illustrated in Figure 35.

f
- Lo—he Lo

FIGURE 35 - Semi-Infinite Rectangular Rod

Solution:

= G el s

where, from Figure 24,

tX1’T—tw " (X on hL,
ot f[r» 2K (Eq.139)
| 00 1 L1
tx2,'c_too (X2 ox hL,
o = ['—2’ L2’ 7 (Eq. 140)
and, from 4.7.3,
g besli L X% X5 (Eq. 141)

t, -1 \ZJa_’C k/
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2.7.9 (Continued):

CASE 9. Brick - This case applies to a parallelopiped, or brick of dimensions 2L+, 2L,, and 2L, all
dimensions being of the same order of magnitude. Refer to Figure 36.

_ X
Y. -

A

L3 . L‘l'
L7l 17

e~ L.é-n— Lé'

FIGURE 36 - Parallelopiped

Solution:
t=t, gt (o oSt gt
t-t, _( t—t, ) ( 6=t ) ( t—t_ ) (Eq. 142)
where, from Figure 24,
R X ar Ly
ST o2 Eq. 143
ti—t. L 12k (Eq. 143)
1
to  —t X hL
] e s (Eq. 144)
tar—te _ (X8 oz Mg
S [ A (Eq. 145)

S LC3
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2.8 Numerical Methods:

2.8.1

In this section various methods of solving heat conduction problems other than by the classical
calculations given previously are considered. Some of the methods are graphical, some
computational, and some electrical, some apply to steady-state flow, others to transient heat flow.
The principal application is to provide a relatively quick answer to problems, the solution of which by
conventional analytic means would be difficult or impossible.

Conformal Mapping: This is usually considered as a graphical method for the solution of two-
dimensional steady-state problems where the boundary shapes preclude the use of an analytic

dic bacad s + chaorantariaotine AL Lo ot sl otada /] o]

solution. T
conduction

which allow
procedure
by trial and
everywhere
possible. A
and whose

The five lin
isotherms t
constant he
heat flow b

mathao ho A
IG LA~ LAYAY I =] UGJG\J u'.l\.lll AR A~ AR (=] GULGIIJLIUJ T U JLGG\J] C=A8= § 8 > \I_Gl'.llq

equation

2

QU

ot t _
— =0

ox~ dy

N

Ised is to construct the boundaries of the system under analysis and tt
error a system of isotherms and lines of constant heat flux so that they
outer surface temperature is ty; refer to.Figure 37.

bs roughly parallel to these surfaces’(except where they bend at the co
nat divide the temperature difference tq - t; into six equal values of At ez

etween them of amount

w9 _ N
Caneunitwia <At Bu/h-ft-lane

s for a system of isotherms and lines of constant heat(flow that are orthogonal.

L AL~

ta

-

t2

FIGURE 37 - Conformal Mappping

e) heat

(Eq. 146)

The
en to sketch in
intersect

at right angles to form little quadrilaterals that:approximate squares a$ closely as
n example of this is heat conduction in a corner whose inner surface tgmperature is t4

rner) are
ch. The lines of

at flux, which run at right angles’to these isotherms, each contain equal quantities of

(Eq. 147)
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2.8.1 (Continued):

282

An accurate determination of the heat flow and temperature distribution by this graphical technique
is very slow and tedious. It may be speeded up considerably if recourse may be had to an
electrolytic tank or electrically conductive paper where bus bars of potential E4 and E; simulate the
temperature potentials and the insulated tank walls simulate insulated thermal boundaries. The
isotherms (equipotentials) may be then constructed directly by probing with a voltmeter or bridge
circuit, and if desired, the lines of constant heat flux may be constructed by reversing the bus bars
with the insulated boundaries.

Analytic conformal mapping by coordinate transformations will provide exact solutions for regular

geometric s#

farane 4 dicoicanc thia s m-clatal

Relaxation
two, or threg
conduction
for all node

Assume a
temperatur
A4, Ag, Ag,

HTRT- TPV Ra H SR P--9 P TR7-u
OO O TOTCTIOT T UTSUUS ST SIS T T OTTT T S tanT

This numerical technique is applicable to steady-state heat transfef p
e dimensions. The method is essentially a finite difference technique,
into resistors between node points and simultaneously working toward
points. The method is best illustrated by the sample problem given in

O°F O°F >

7
I

4
ARAMAMMAES ARARARRY ARRARAAN

b 2 i
I*
>
o
0
N

v |OO°F_J 160F | A0
oL | ‘

FIGURE 38 - Steady Heat Transfer Into One, Two, or Three Dimensig
brick of length-and width equal to 2L and thickness of 1 ft, one side of v

e 100 °F(and whose other sides are at 0 °F. The problem is to find the
and B4;.B,, and B, points on a square mesh of side 6 = L/2. Itis note

nodes, hea
heat is bei
direction).

roblems in one,
umping the

a heat balance
Figure 38.

ns

hich is at
temperatures at
0 that for the A
the B nodes,

is being transferred into each one from four adjacent nodes, while for
; ) )

Thus,

_ k@

-1
a2 = T3 D [tag ~tag) + (fo~tag) + (taz ~tag) * (tag ~ ta)]

ry in the L

(Eq. 148)
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2.8.2 (Continued):

or

and

or

From this, it is seen that a 1 °F change in ty, changes Q'a, by -4 units and Q'a4, G
+1 unit. Al$o, a 1 °F change in tg, changes Q' by -2 units and Qg1 and Q'g3 by
Q'po by +1units. Schematically, this may be represented byihe sketches of Figu

For the A ppoints:

For the B ppints:

tag Tl ttgo Ttz —4t,,

d-1 1 1
Zggy = k % [(tAz ~tg2) T 5(tgq ~tg2) *5(1p3 —th)}

(Eq. 149)

(Eq. 150)

. Zdg, g1 tas
Qpy = — 7 = Lot 5 75" 21,

©
=
D

FIGURE 39 - A Nodes

(Eq. 151)

)'Ag, or Q'BZ by
+1/2 units and
es 39 and 40.

oo
3

FIGURE 40 - B Nodes
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2.8.2 (Continued):
It is the objective of the relaxation method to arrive at a temperature distribution such that all Q’s
are zero or negligible. A problem is solved by assuming a value of the temperature distribution,
calculating the Q’s at each node, and then “relaxing” the temperatures at each node (one point at a
time) until all Q’s vanish. For the same problem, assume the following temperature distribution for
the initial guess as given in the accompanying illustration, Figure 41. The calculation sheet is then
set up as in Table 2. The circled values of temperature are the final results by relaxation to the
nearest 1 °F; a finer mesh would give more accurate results.
¢
oo
0—3?———50
0—70—85
I00°F
FIGURE 41 - Initial Guess of Temperature, Distribution
TABLE 2 - Calculation Sheet
A, B, 8, 8,
Step Q' t Q’ t Q’ Q’ t Q’ t Q’ t
1. Guess temperatgre -65 70 0 30 +45 -25 85 -20 50 -5 15
2. Relax t4; +15 50 -20 -45
3. Relax tg) ~-10 +5 60 -32.5
4. Relax ty, ~ 40 -5 +7.5 3p -15 |
5. Relax ts, -22 +8 18 +33 —-4.5
6. Relaxta +18 40 -2 -15
7. Relax ty +8 +5 50 . -95
8. Relax ty, «10 +1 +6.5 2p -19
9. Relax tss +23 +1.5 +1 5
10. Relax ta; o @' -s +3
11. Relaxta, -3 +4 15 +20 1.5
12. Relax f a3 +9 0 +6
13. Relaxt,z -1 +1 17 +2 +0.5
14. Relax ts +5 +2 0
15. Relax a3 +2 +1 1
16. Relax t5; +3 +2.5 0 @@ +15
17. Relax g, 0 05 () +05
18. Relax 1., 1 -1 () 2 +1.5
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2.8.3 Schmidt Plot: This is a graphical procedure for the analysis of transient heat flow problems in one
dimension with boundary temperatures that may be time dependent. The method also works with
no additional difficulty for a composite construction and with any arbitrary initial temperature
distribution. The method is based upon a finite difference solution to the heat conduction equation,
where the material is divided into n layers Ax thick. There is a unique relationship between the time

interval Ar,

successive steps, and layer thickness Ax, which is satisfied by
20AT _ 1
2 -
(AX)

(Eq. 152)

For this condiien—thetemperature-atany-plancetat-timeis-thearithmetic-mean-of the
temperaturgs in the planes on each side of it that prevailed At previously. An gxa

method is

A steel slal
temperatur

see Figure 42).

R
1000 °F 4
AX]AX
2 12
SURFACE
\ I A X ¥
e
q' %O
o' NI"
a Lo 2"
100 °F “‘Q_

FIGURE 42 - Schmidt Plot

2 ft thick-of initial temperature 100 °F is suddenly placed in a furnace |
b of 1000 °F. The heat transfer coefficient on the surface is 20 Btu/h-ft;

conductivity

of the slab is 25 Btu/h-ft-°F, and the thermal diffusivity is 0.5 ft2/h. As

mple of this

with a
-°F: the thermal
sume that Ax =

0.2 ft; then

2 2
At =X - (02) _ g4
20 2(0.5)

(Eq. 153)
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2.8.3 (Continued):
Subsequent steps are

a. Mark off some vertical lines corresponding to Ax = 0.2 ft, starting at A?X from the surface. These
are points 1, 2, 3, 4, 5.

b. To account for the heat transfer coefficient, mark off a distance equal to k/h away from the
surface of the slab. Also mark off a distance Ax/2 = 0.1 ft away from the surface of the slab.

c. Mark off point R at a vertical ordinate of 1000 °F at k/h = 1.25 ft.

d. Connegt point R with point O corresponding to 100 °F at the surface of the slaly, and locate
point a jn a plane Ax/2 outside the surface.

e. Connegt point a and point 2 to locate 1'.

f. Connegt R and 1' to locate 0' on the surface.

g. Draw the straight lines 0'1' and 1'2' (2' coincides with 2):
h. Connedt a' with 2' to locate 1".

i. Conneat 1' with 3' to locate 2", etc.

j.  Connegt R and 1" to locate 0".

k. Draw in the temperature curve 0" 1*2" 3", etc.

I. Atthe plane corresponding to-x = 1 ft, symmetry exists, so that the temperatures at 6 are the
same ak those at 5; straight-horizontal lines are used to connect them.

Temperatufe curves are shown in Table 3

—

TABLE 3 - Location of Transient Temperature Points for Schmidt PIg

7, hr Curve

0 012345

0.04 0'1'2'3'4’5’

0.08 0177973 475

0.]2 OIII‘VII2II'3III4IV'5/VI

0.16 Q17771700 Qerergeen gravegers
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2.8.4 Resistance - Capacitance Networks: This is a numerical technique that solves the transient heat
conduction equation (in one, two or three dimensions) by a finite difference procedure of "lumping"
the system under analysis into discrete nodes, which are interconnected by thermal resistors and
which also have capacitors to represent thermal storage. This technique is usually carried out on
computers, and either passive analog or high-speed, large-capacity digital computers may be
used. Conceptually, the problem is solved by analogy to an equivalent electrical network, since the
basic equations are the same.

When solved on an analog computer, a suitable network ofwresistors and capacito

scale facto
and machir
function ge
means of r¢
problem is

The network method is the only practical solution to complex heat transfer probler

accuracy o
establishm
requiremen
define the ¢
problem.

With the pr
phase, and
elements.

considerab

g = mc g— (storage) (Eq. 154)
_ UE
= Cdﬂ: (Eq. 155)
_ -kA

9= 3 At (heat or current flow) (Eq. 156)

= %E (Eq. 157)

s between volts and degrees, amps and Btu/h;'ohms and h-°F/Btu, far
e time and real time. In addition to the network itself, there must be af
herators to represent the boundary conditions (which are often time va
bcording the output as a function of time. When solved on a digital con
maintained in the proper thermal units and it is not necessary to consid

 the result is limited only by-the accuracy of the assumptions that led t
bnt of the network values.and boundary conditions. Thus this method ¢
ts in problem solving:from the mathematician to the engineer, who mus
aths of heat flow @nd the physical properties of the materials and film ¢

bper compliting equipment and circuit elements, problems with radiatio
fluid flowmay be solved along with the usual convection, conduction,
Sincedcomputer equipment is required and only complex problems invg

'S is set up with
Aads and Btu/°F,
bpropriate

riant) and a
puter, the

er any scaling.

ns, and the

b the

shifts the skill

5t realistically
pefficients in the

n, change of
and storage
lving a

e’expenditure of engineering time would be solved by this method, a n

nore thorough

review of t

e technique than IS possible WITNIN the scope of this manual IS recom

ended.
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3.

3.1

CONVECTION:

Convection is the form of heat transfer that occurs between a body and a fluid in relative motion. The
process is classified as:

a. Free convection, when the relative motion is caused by a density variation within the fluid.

b. Forced convection, when the motion is caused by external means, such as a fan or the movement
of a wing through air.

Although studigd-as-a-separateform-of-heattransfer-convectonine : es of conduction
and mass transgfer, and is integrally involved with fluid mechanics.

Heat Transfer Coefficient:

Convective heat transfer theories for continuum flow consider the effects of a boundary layer next to
the surface through which the fluid velocity decreases from the free stream velocity at the outer edge
to zero adjacent to the surface. With this zero velocity conditions heat can be transferred between

the fluid and the body only by conduction. This may be represénted by Fourier’s heat conduction law

9 - ot
(kf ay)y o (Eq. 158)
where:

ki = Gonductivity of the fluid
-0t/dy|= Negative fluid temperature-gradient, evaluated at the surface

This tempergture gradient is difficult to’evaluate, and the convection process is commonly
represented by

q_
2 = hat (Eq. 159)

(Newton’s layv of coeling) where h is the heat transfer coefficient and At represents the temperature
difference between the fluid and the surface.
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3.2 Dimensionless Parameters:

The correlation of empirical data and the construction of formulas for convective heat transfer are
made easier by the use of a number of dimensionless ratios:

For V = ft/s and u = Ib/ft-s:

Reynolds number = Ng, = f%( (Eq. 160)
Nusselt number = Ny, = h—X (Eq. 161)
For V = ft/h:
h

Stanton number =Ng; = ——— Eq. 162

St ngCp (Eq )

_ _ h
ForV = ft/s, Ng; 3—600ngcp (Eq. 163)
Prandtl numher =Ny, = H—EE (Eq. 164)
3 2
Grashof numper = Ng, = Atx( 29) 9 (Eq. 165)
u

Mach numbef = M = al (Eq. 166)

where a, = Iqcal speed of sound

Graetz numbpr= Ng, = ﬂe (Eq. 167)

Euler number = N, = ﬁpz (Eq. 168)
pgvVv

Schmidt number= Ng, = Ec}ll_D (Eq. 169)

NOTE: The reader is cautioned to prove to himself that the units he uses makes these equations
truly dimensionless.
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3.2 (Continued):
where D = self-diffusion coefficient
. NSC o
Lewis number=N , = —== = = (Eq. 170)
Np, D
where o = thermal diffusivity
}\‘m
Knudsen number = N, = ~ (Eq. 171)

3.3

where A, = Nlolecular mean free path

A subscript on the dimensionless parameter indicates the characteristic dimension yised and/or the

condition at which the properties are evaluated.

Basic Boundary Layer Concepts:

When a real fluid and a body are in motion with respect to eachother, viscous forceg in the fluid tend
to retard the flowing particles near the body surface. This results in the development of a region

called the "boundary layer", extending outward from the surface where the relative v|
the point where the velocity is the same as the free stream velocity. The viscous sh
cause it to th|cken as it progresses back from the leading edge. Figure 43 illustrate
development|of the boundary layer along a flat surface parallel to the flow direction.

fea—— 00

=52,

FIGURE 43 - Boundary Layer Along a Flat Surface Parallel to Direction ¢

Initially, as is{shown:in Figure 43, the streamlines are laminar (that is, are parallel to
some distange backfrom the leading edge, because of flow instability or the influen
external disturbance (such as surface roughness), the flow may become turbulent.

elocity is zero to
learing stresses
5 the

f Flow

each other). At
e of some
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3.3 (Continued):

In the turbulent boundary layer, no parallel streamlines are present; rather, eddies are formed and
the streamlines become well mixed. The turbulent boundary layer, as shown in Figure 44, is
considered to be made up of three regions:

a. A laminar sublayer, in which viscous forces predominate.
b. A buffer region, in which both viscous and turbulent forces exist.
c. A completely turbulent region.

Turbulent
Region

Transition

Laminar
Region

Laminar~>
Subiayer

FIGURE 44 - Regions of Turbulent:Boundary Layers

Because of the eddying motion within the turbulent region, heat is transferred more rapidly than with
a laminar boyindary layer. Figure 44 illustrates the laminar and turbulent velocity prdfiles, which may
be approximated by

Vo ATIRAACIN AL
T a+b(6) +c(6) +d(6) (Eq. 172)
for laminar flow, where a, b, ¢ and.d are constants, and
Vo_(y 17
\Y (6) (Eq. 173)

for turbulent flow in the-portion of the boundary layer outside the buffer region.

The change rom Iamlnar to turbulent row is seldom abrupt but usually occurs gradually in an area
called the trahst ‘ ntinue to
increase in thickness until |t reaches the end of the body. However when |ts deveIopment is
restricted (as in the case in channel flow) boundary layers build up from opposite sides of the
channel, and eventually meet some distance back from the entrance. This is shown in Figure 45.
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E I

Entrance Length -I

FIGURE 45 - Transition Region of Laminar to Turbulent Flow

3.3.1 Boundary Layer Thickness: The boundary layer thickness, 9, is the distance from the wall outward
to the point where the velocity is that of the undisturbed stream. Since the velocity approaches

free streammmmmumumm&mcity is 99% of
that of the free stream.

Other defin
this is the g
because of

0 = Momen
defined as

&t = Therm;

The "therm
temperatur
velocity bo

tions of the boundary layer thickness in common use are: 6* = Displacg

the formation of the boundary layer. The defining equation.is
s 1oV
5 Io (i poch) dy

tum thickness; this is a measure of the lossiof'momentum in the boung

I LA A
o], [pwvw {I Voo}j v
Bl boundary layer thickness:-this is given by
eV (.1
Y Io PV (I Tc) dy
Al boundany,layer” is the distance in which the fluid temperature chang

b immediately adjacent to the surface to that of the undisturbed flow. T
indaryslayers generally do not have the same profile or thickness.

tment thickness;

mount by which the streamlines external to the boundary layer are shifted outward

(Eq. 174)

ary layer. lItis

(Eq. 175)

(Eq. 176)

s from the
he thermal and
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3.4 Free Convection:

3.4.1

Mechanism: When a body is placed in a fluid at a temperature different from that of the body, heat
is transferred by conduction between the body and the fluid. This gives rise to density differences,
and the heated portions of the fluid tend to rise and be replaced by colder fluid. Natural convection
is therefore due to buoyancy (gravitational) forces. Natural convection can also be caused by

other forces, such as centrifugal and Coriolis forces.

Correlations of heat transfer by free convection usually take the form:

where:
C=

The produg

where:

—
11

T X >

The factor

is plotted a

NNu = C(NGrNPr)II

Empirical constant

t of Grashof and Prandtl numbers is

3 2
_ AtL7(pg)"gBe,
NGrNPr - ik

Temperature difference, °F

Characteristic dimension, ft

Coefficient of volumetric expansion = 1/T, °F- (valid only for gases)
Thermal conductivity, Btu/s<ft-°F

Absolute viscosity, Ib/ft-s

(pg)°gpc
v - pgs o
n

5 a function of temperature for air at atmospheric pressure in Figure 44

(Eq. 177)

(Eq. 178)

(Eq. 179)
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FIGURE 46 - Free:Convection Heat Transfer Parameter Y = (pg)2g[30IC

Mk

3.4.2 Free Convection in Open:Spaces: The general equations and the simplified equations for air are
given below for five different flow geometries.

CASE 1. \jertical Rlates and Cylinders - See Figure 47.

FIGURE 47 - Sketch of a Vertical Plate or Cylinder
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3.4.2 (Continued):

General equations are:

h,, x
Nigav =~ = 0.59 (Ng,Np)"™ (Eq. 180)
for 10° < Ng,Np, < 10° (Eq. 181)
h
and Nyuay = akVX = 0.13 (Ng,Np) " (Eq. 182)
for 10° < N g Np—< 1012 (Eq. 183)

LI FTr

where the ¢haracteristic dimension L to be used in the NgNp, equation (Equation|178) is x

Simplified gquations for air are:

h,, = 0.29 (%)1/2(%”4 (Eq. 184)
h,, = 0.19 (%)mm)“ (Eq. 185)

In the simplified equations for air, P is the fluid static.pressure in psia, At is the temperature
difference bhetween fluid and surface, and x, D are in feet.

CASE 2. Horizontal Cylinders - See Figure 48.

%

45k

FIGURE 48 - Sketch of a Horizontal Cylinder
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3.4.2 (Continued):

General equations are:

Nig.av = —S— = 053 (Ng,Np)" (Eq. 186)

for 10° < Ng,Np, < 10° (Eq. 187)
h,,D

and Nigay = —— = 0126 (Ng,Np ™" (Eq. 188)

for 10% < NgMNo—< 10" (Eq. 189)

where the ¢haracteristic dimension is D

Simplified gquations for air are:

hy, = 0.27 (%)1/2(%)”4 (Eq. 190)
h,, = 0.18 (%)mm)“ (Eq. 191)

CASE 3. Horizontal Square Plates (Hot Face Up 6r:Cooled Face Down) - See Figure 49.

I

e
FIGURE 49 - Horizontal Square Plate (Hot Face Up or Cooled Face Dgwn)
General equations are:

h
Nyyay = 22 = 0.54 (Ng Np) '™ (Eq. 192)

Nu,av K
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3.4.2 (Continued):
for 10° < Ng,Np, <2x10” (Eq. 193)
h
and Nyuay = akVX = 0.14 (Ng,Np) " (Eq. 194)
for 2x 10" < Ng,Np, <3x10'° (Eq. 195)
where the characteristic dimension is x
Simplified equations for air are:
P \12/Ap 1/4
hy, = 0.27 (m) (;) (Eq. 196)
2/3
h,, = 0.22 (%) (A (Eq. 197)
CASE 4. Horizontal Square Plates (Hot Face Down or Cooled Face Up) - See Figure 50.
o
FIGURE 50 - Horizontal Square Plate (Hot Face Down or Cooled Face|Up)
The genergl equation is:
h,. x
Niuay = o = 0.27 (Ng,Npp™ (Eq. 198)
for 3x 10° £ Ng,Np <8 x 10" (Eq. 199)

where the ¢

tharacteristic dimension is x
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3.4.2 (Continued):

3.4.3

The simplified equation for air is:

hav 012 (%)1/2(%)1/4

CASE 5. Sphere - See Figure 51.

$ 4

(Eq. 200)

The geners

for 103 <N
where the ¢

The simplif

@

ok
FIGURE 51 - Sphere

| equation is:

h.. D 1
NNu,av = alz = 0.51 (NGrNPr)

4

7
BrNPr <10

tharacteristic dimension is D

ed equation for air is:

_ p)1/2(g)1/4
H., = 0.487 (—14_7 D

Free Conv

ction in Enctosed Spaces: The equations for enclosed spaces are sin|

open spaces exceptthat At is the difference in temperature between the two surfa
average frge convection heat transfer coefficient based on the temperature differe
two surfacgs;and the net convective heat transfer is given by

(Eq. 201)

(Eq. 202)

(Eq. 203)

ilar to those for
ces, h'is the
nce between the

q. = hAAt (Reference 3)

(Eq. 204)

Radiation occurs between the two surfaces; in this section the effect of radiation is not included.
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3.4.3 (Continued):
If the clearance, 9, between the plates is very small, free convection is suppressed and heat is

transferred by conduction only. The ratio of actual heat transferred to that transferred by
conduction only is

- %3 = Ny, (Eq. 205)

_Ql_Q
= lo

The general equations and limits are given below for three different flow geometries.

CASE 1. \ferticatParattetPtates=SeeFigure 52—

FIGURE 52 - Vertical Parallel Plate

' _h's_ __02 1/4
Ny = R (Ng,Np,) (Eq. 206)
for 2 x 10% k Ng, <2.1x10° (Eq. 207)
: 's 0071
and Nyg= 08 = s (NgNpp'™® (Eq. 208)
i (L/§)
for 2.4 x 10 <Ng, <1.1x 107 (Eq. 209)

where the ¢haracteristicidimension is 6

CASE 2. Horizontal Parallel Plates (Heat Flow Upward) - See Figure 53.

w&iu‘uu

8

e

FIGURE 53 - Horizontal Parallel Plates
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3.4.3 (Continued):

Ny = %3 = 0.21 (NgNp)" (Eq. 210)
for 10* <Ng, <3.2x10° (Eq. 211)
Nyy = B2 = 0.075 (NgNp)'® (Eq. 212)
for 32 x 10° <Ng, <10’ (Eq. 213)
where the ¢haracteristic dimension 1s o
CASE 3. Horizontal Annular Enclosed Spaces - See Figure 54.
= o, I
FIGURE 54 - Horizontal:Annular Enclosed Space
N7, (2
LTI (Eq. 214)
D,In(D,/D,)

(Experimer
208 for ver
(Reference
NerNpr EQ

tal data for 1.2 < Do/D4-< 3). Obtain N'y, from the relation given in Eq
ical parallel plates~{Editor's Note: No information can be found in Mc
6) or other heaf transfer references about what characteristic dimensig
ations 206 and 208 and Equation 178. My estimate is (D»-D4)/2.)

q = h'A,At

Figure 55 ﬂhows the effect of plate separation distance on the heat transfer coeffiq

ations 206 and
Adams
bn to use in the

(Eq. 215)

tient h'.
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2.0 ' ] T ] ] N I | [ ' T T
1.0 —
w 0.8 -
O. -
L 0.6 - -
E° 0 X AT = 100°F, P = 14.7 PSIA, L =1 FT
o« 0P T —
:SE 04  ~--.AT=30°F,P=147PSIA L=1FT -
}_ ~.~\__—.__________,
o ols - RANGE 2 RANGEB _
Nl s,,z_fj‘_: 30°F, P =735PSIA, L=1FT
-,__\/
oR I -
o . | ! ! ‘ Ll .1 I ! | | |
0.1 0.2 0.3 04 0.6 0.81.0 2 3 5
9, IN.
FIGURE 55 - Free Conyection in Enclosed Space (Air at 70 °F)
1/4 ] 1/3
k/8)(0.2)(Ns, N k/8)(0.0T1)(N, N
Range 1-h =K. Range 2. h = ( X X Sgr Pr) . Range 3.h'= ( X )(wé;r Pr)
(L/8) (/&)
3.5 Forced Convgction in Incempressible Flow:
The heat transfer is_expressed by
q = hA(t;-t,) (Eq. 216)
The heat transfer coefficient is often expressed nondimensionally as
h
Ny, = 1?==f(NRe,NPr) (Eq. 217)
Ng; = —— = f(Ng,, Np,) (Eq. 218)

pgVe,
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3.5 (Continued):

3.5.1

The average heat transfer coefficient, h,,, is related to the local value by

|
hav = X J)(hxdx

0

(Eq. 219)

Unless otherwise noted, fluid properties are to be evaluated at the arithmetic mean between the wall
and freestream temperatures:

et

t = > (Eq. 220)
The relationship between local heat transfer and local skin friction is
Ngt = —5 (Colburn's equation) (Eq. 221)
2NPr
where:
¢ = Skin friction coefficient
The skin frictjon coefficient is related to the shearing stress at the wall, 1, through the formulas
’CW
Cr = —— (Eq. 222)
pV~ /29,
ou
=yl = Eq. 223
= (5, (Eq. 223)
Laminar and Turbulent Flow{ General cases for both laminar and turbulent flows with constant wall
temperaturg are explained‘below.
NOTE: Symbols forsimplified equations for air in 3.5 have the following units:
P|= I/t
VI|=t/s
X, X, D, b y=1it
h = Btu/h-ft*-°F
T=°R
w = Ib/h
G = Ib/h-ft?
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3.5.11

Laminar Flow: Generalized equations and simplified equations for air are given for six different
cases of flow geometry.

CASE 1.

Flat Plate - See Figure 56.

4
ST T T TTeTT

———— X

FIGURE 56 - Flat Plate

The gene

The simp

ral equations are:
Nuo o = % = 0332 (N )12 (N, )17
Nux — T -V ( Re,x) ( Pr)
Ne. = hy _ 0.332
St x 3600 ngCp (NRe X)1/2(Npr)2/3

ified equation for air is:

h, = 0.0077(2Y) \S

CASE 2. (Cylinder With External Flow Parallel to Axis (Nge x < 500,000) - See F
o v
pr—— x & d
Y
FIGURE 57 - Cylinder With External Flow Parallel to Axis
The gendral equations are:
c, = —9004 _ see Figure 58)
(NRe,x)”{_

1/2 1/3
NNu,x = 0.332 (NRe,x) (NPr)

Verified experimentally by Jakob and Dow, Reference 20:

h,, = 2h

av X

(Eq. 224)

(Eq. 225)

(Eq. 226)

gure 57.

(Eq. 227)

(Eq. 228)

(Eq. 229)
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0.008

'l\‘llll\llll T flllllll LR TIIHIII ML IIITI”

0.007 —

cnmtd

0.006

0.00p |—
TURBULENT FLOW

¢t OR ¢
1

0.004 —

0.008 |—

0.00

l

¢t = 0.664/Ngs x .
¢ (LAMINARELOW) S

0001 P | 1 III»HII L Illlll ' | | IllHIl M| { Illll
104 105 108 107 108

NRe,x of NRe,x
FIGURE 58 -(Duct Flow Skin Friction Coefficient Versus Reynolds

_ Number at Edge of Boundary Layer _
(1) cf= 0.557¢/(0:657 + 2J6_f), (2) ¢ = 0-0592/’\‘%}32,)(’ (3 Jé—f = 0.252/10g1¢ (NRe x 1)
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3.5.1.1 (Continued):

CASE 3. Cylinder With External Flow Normal to Axis (1000 < Ng, p < 50,000) - See Figure 59.

BN

FIGURE 59 - Cylinder With External Flow Normal to Axis

The gendral equations are:

h,D 3
Nnuo = =4 = 1.14(Nge )" (Npr)0'4[1 —(%) } 0 <'<'80° (Eq. 230)
h. D
Nyuav = all’ = 0.26(NRE’D)O"s(NF,r)O'3 (over thé éntire cylinder) (Eq. 231)

The simplified equations for air are:

h = 0.0266(%@0'5[1 —(%ﬂ (Eq. 232)
g 20108 Y (€ 239

CASE 4. |Round Tubes With:Rarabolic Velocity Distribution - See Figure 60.

—t—w,v D
ammame . 3 4

FIGURE 60 - Round Tube With Parabolic Velocity Distribution

The general equation is:

h D 1/3
Ny = = 1.16 (31 + 2 E) (Eq. 234)
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3.5.1.1 (Continued):
The simplified equation for air is:

K 13

- K w
hy = 365 £ (1+038 X) (Eq. 235)

CASE 5. Rectangular Tubes With Parabolic Velocity Distribution - See Figure 61.

(12 2ss0rasms0ed
——% w,\/
IrrrIIrT
h——: y —
FIGURE 61 - Rectangular Tube With Parabolic Velocity.Distribution
The gendral equation is:
h b wc, b3
= X P
Ny = = 0.98 (59+ kxy) (Eq. 236)
The simplified equation for air is:
B k wb 1/3
h, = 380 & (4¥0.20 W) (Eq. 237)
CASE 6. | Sphere (20 < Nge p < 150,000) - See Figure 62.
Q)
D
—t
FIGURE 62 - Sphere
The equdtion for air is-:
Nnup = % =033 (NRe,D)Q6 (Eq. 238)
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3.5.1.2 Turbulent Flow: Generalized equations and simplified equations for air are given for four
different flow geometries. The equations are valid over the Prandtl No. range of 0.5 to 10.

CASE 1. Flat Plate - See Figure 63.

—— V

—— X
FIGORE®3-FfatPrate
The gendral equation is:
Ng,, = 0.0296 _ hy
X
(NRe,x)O.z(NPr)ZB 3600 ngcID
The simplified equation for air is:
b 00212 PVy°8
x 705 0.2
X

for Nge [ 107
CASE 2. |Cylinders With External Flow Rarallel to Axis - See Figure 64.

&,
=g

FIGURE 64 - Cylinder With External Flow Parallel to Axis

(Eq. 239)

(Eq. 240)
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3.5.1.2 (Continued):

The general equations are:

0.8 0.4
Ngtx = 0.0243 (Ngg ) (Npy)

¢ = &9%2 (See Figure 58, line 2)
(NRe,x) .
h,, = 125h,

-

for Nge x P 10°

The simplified equation for air is:

0.8 0.4
Ng; = 0.020 (Ngo) °(Np))

CASE 3. |Duct (Channel) With Flow Near Entrance - See Figure-65.

FIGURE 65 - Duct (Channel) With Flow Near Entrance
In this cage 0 < x < 4.4 D where Dy is-the hydraulic diameter.

General g¢quations:

J&; € = 0252 see Figure 58, line 3)
10940(Nge xCf)
0.557¢
¢ = ————— (See Figure 58, line 1)
0.557 +2,[5;

C

X T

N = =
Stx 36009pVCp 2(NP )2/3
r

_ hav _ Cf

N C |\|
St,av 36009[)\/ p 2( P ) /
r

(Iterative solution required).

(Eq. 241)

(Eq. 242)

(Eq. 243)

(Eq. 244)

(Eq. 245)

(Eq. 246)

(Eq. 247)

(Eq. 248)
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3.5.1.2 (Continued):

CASE 4. Channel Flow, Fully Developed - See Figure 66. In this case, 4.4 Dy <Xx; Ngo p >
2200.

=

FIGURE 66 - Channel Flow, Fully Developed

General quuations:

h 0.0225
Nstav = = = - (Eq. 249)
3600gpVe, (NRe,DH)O'z(NPr)2/3
Ny = 12vPH g 005 (N 08N, 52 Eq. 250
Nuav — k - ( Re,DH) (NPr) ( q. )
Dy
oy = (111 1) (Eq. 251)
Simplified equations for air:
0.8
403G
hy, =54 %407% 7% = (Eq. 252)
Dy
0.8
~0.0157 (PV)
=755 o3 (Eq. 253)
H
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3.5.2 Airfoils: The Equivalent Wedge in Subsonic Flow: The laminar heat transfer coefficient at any
point on a cylinder of arbitrary cross section such as an airfoil can be taken to be the same as that
on a wedge at the same distance from the stagnation point, provided the stream velocity and its
gradient are the same on both wedge and cylinder at the given location. The velocity on a wedge

is
NEu
vV = ax (Eq. 254)
where:
NEU - Euicl ||uu|'uc|
a = [Constant
To obtain hlit is necessary to compute the local Euler number, defined as
x*/dv
Ney = —*(&:) (Eq. 255)
Then h is optained from
hC N
Ny = 1€ = F N A/g (Eq. 256)
where:
X* 3 é = Distance from stagnation point/Airfoil chord length, dimensionless (Eq. 257)
v* F \Xl = Local surface velocity/Freestream velocity, dimensionless (Eq. 258)
% = Local slope of\wélocity gradient, dimensionless (Eq. 259)
C H Charactéristic distance (cylinder diameter or chord length) (Eq. 260)
Nrd ¢ T Freestream Reynolds number based on the length C (Eq. 261)
[N

1 1 o | P oz £ tH £
F is obtainédfromtigure-6+as-a-funetionof- Nt
,
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(NN VNRe) VXV

F=

01 | | | | |
-0.2 0 0.2 0.4 0.6 08 1.0

LOCAL EULER NUMBER Ngy | = %(—%)

FIGURE 67 - Laminar Heat Transfer on.aWWedge (Subsonic Flow)
3.5.3 Transition and Effective Turbulent Origin: No definite predictions of transition location can be
made; the location is a function of Reynolds number, Mach number, wall-to-freestteam

temperaturg ratio, pressure gradient, surfaceroughness, approach conditions, ang time.

Commonly|used estimates for transition'Reynolds numbers are given in Table 4.

TABLE 4 - Estimates for Transition Reynolds Numbers

Situation Reynolds Number Transition Reynolds
Based On Number
Flat Plate, Subsonic x 100,000-500,000
Flat Plate,-Supersonic x 500,000-2,000,000
Cylinder, Subsonic D 50,000
Flow.Normal to Axis
Chanrel Fiow DorDy 2,000-3,000

The calculation of local turbulent heat transfer on a flat plate must consider an effective turbulent
length less than the actual distance from the leading edge, if the flow at the leading edge is laminar.
This is because the turbulent boundary layer does not originate at the leading edge. Figure 68
illustrates this, where x is the actual distance from the leading edge to the point under
consideration; X is the effective turbulent length, measured from the "effective origin" of the
turbulent boundary layer; and x_is the distance from the leading edge to the transition point.
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3.5.3 (Continued):

354

FIGURE 68 - Effective Turbulent Length as a Function of Turbulent Heat Transfer

Assuming that turbulent and laminar momentum thicknesses are equal at the tran
20.5
Xeff = X=X [1 - o.375j
(NRe L)

where:

NRe

Nonisother,
case of con

The followi
for a const3

For the loc;

N - Ny (et
Reeff = ""Rex\ x

L = Transition Reynolds number

mal Walls: The equations’and methods listed previously have been de
stant wall temperature. In many situations this condition is not satisfie

ng method for,calculating the effect on heat transfer rate is suggested i
Nt property-fitid and negligible pressure gradient.

bl heattransfer rate:

sition point,

(Eq. 262)

(Eq. 263)

rived for the
d.

n Reference 15

X dt,, N
Q) = | h(x.5) qE dc + > XIS ) -ty ()]
0

(Eq. 264)

where the summation expressed by the second term accounts for any discontinuities in the wall
temperature; tW(<“;i+) and t (&) are the wall temperatures immediately downstream and upstream,
respectively, of the discontinuity; x and & are the distances from the origin of the laminar or
turbulent boundary layer to the point in question and to any discontinuity in the wall temperature,
respectively.
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3.5.4 (Continued):

The term h(x,£) may be expressed for laminar flow as

K 113 12 3/44-1/3
h(X,&) = 0.332 )_( (NPI') (NReyx) : |:1 _(S i|

and for turbulent flow as

k 0.8 113 39/40+-7/39
h(x.&) = 0.0206 & (Nge ) (Npy) .[1 _@ ]

The total hlat transfer, q(x), from the origin of the boundary layer to the point xma
integrating the local heat transfer rates to the point

a0 = b apodx
0

where:

b =Width of the plate

surface te

For laminar flow:

3/4-2/3 dt
a(x) = 0.644 bk N, NL’?~{(tW0—taW)+JZ[1 -3 } 'd_;,vda}

For turbulent flow:
32/39 dt,, }

1/3,,0.8 39/40
x) = 0.0370 bk Np; NRe’X~{(tW0—taW)+r[1 —® } &
0

For the caj‘e where the only discontinuity occurs at the leading edge (that is, the I¢
perature is different from the recovery, temperature), the following resu

(Eq. 265)

(Eq. 266)

/ be obtained by

(Eq. 267)

pading edge
Its are obtained.

(Eq. 268)

(Eq. 269)

where:

respectively

Reference 15 extends the development of the nonisothermal wall for several

two and ty,, = Wall temperature at the leading edge and the recovery temperature,

special cases.
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3.6 Forced Convection in Compressible Flow:

3.6.1

At freestream velocities less than the speed of sound, the effect of compressibility on heat transfer is
not large. At supersonic and hypersonic speeds, the effects of compressibility and real-gas effects
seriously alter the heat transfer and skin friction from that calculated by subsonic relations.

At very high temperatures, where real-gas effects become important (M = 5), the enthalpy gradient is
a better criterion of the energy potential than is the temperature gradient, and this fact should be

accounted for

in calculations.

This section wittpresentretationships-derived-particulary-for-airas-areal—compressible fluid.
Definitions]| The total (stagnation) enthalpy and temperature are the enthalpy and|temperature,
respectively, that the fluid would reach if adiabatically brought to rest.

2
. Y
) (Eq. 270)
= VvV =1 Mz) for a perfect gas)
T; TS+29JCp Ts(1+ 5 ( p g
where the subscripts
T =[Total (stagnation) conditions
S =[Static conditions
Unless otherwise noted, the units used.in this section are °R for temperature and Btu/Ib for
enthalpy.
The adiabgtic wall (recovery) enthalpy and temperature are the enthalpy or tempdrature,
respectively, that the surface(in‘a moving fluid would reach if the surface had zero|heat transfer to
or away from it.
The recovdry factor ris defined as
_ iaW_iS _ TaW_TS
r - or r ﬁ (Eq. 271)

where the subscripts

aw = Adiabatic wall
T = Total condition

S=

Static condition
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3.6.1 (Continued):

For flat plates, r is a function of Prandtl number:
r= /NF,r for laminar flow (~0.85 for air)

r= C’:/NF>r for turbulent flow (~0.89 for air)

Adiabatic wall enthalpy and temperature are calculated from

r'\I2

law = 'S+

2g9J

rV2

= _ Y=1 12
Taw S +29Jcp Tg (1 + > rM ) (for a perfect gas)

When the wall is not adiabatic, the heat transfer is

q = hA(T,,-T,)

or

q = h/A(,,, —i,) (see Equation 281)

3.6.2 Evaluation [of Fluid Properties: When air flows'at very high speed, large variations
may occur through the boundary layer, and-the choice of a temperature at which tg
properties becomes somewhat more difficult than in the case of incompressible flq
boundary layer temperature profiles areillustrated in Figure 69.

Ve T s T s T
2gJcp *’ .
v?2 T
2gJcy } y 8,
w T'w T;w T;w :rw

FIGURE 69 - Typical Boundary Layer Temperature Profiles
(a) Adiabatic Wall, (b) Cooled Wall, (c) Heated Wall

(Eq. 272)

(Eq. 273)

(Eq. 274)

(Eq. 275)

(Eq. 276)

(Eq. 277)

in temperature
evaluate the air
w. Typical
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SAE

3.6.2 (Continued):
The method shown here for evaluating fluid properties will be the "reference temperature" method.
In using this method, all fluid properties are to be evaluated using the reference temperature T*.

Quantities evaluated at this temperature are denoted by the superscript *.

T* = 0.5(T, +Ts) +0.22(T,, + Ts) (Eq. 278)
At hypersonic velocities, the reference enthalpy should be used:
i = 0.5(i, +ig)+0.22(i,,, tis) (Eq. 279)
where the subscripts
w =|Wall conditions
aw F Adiabatic wall conditions
= [Conditions outside the boundary layer
The reference temperature is the temperature corresponding to-the reference enthalpy.
These equations may be simplified to:
2
i = 0.5(i,, +ig) + 0.222\(;—J (Eq. 280)
For a perfeft gas the preceding equation may.be written as
T* = 0.5(T,+ T5) +0.044rM2T, (Eq. 281)
or
% - 0.5(T_V6V +1)+0.044rM3 (Eq. 282)
Figure 70 dresents\I*/Tg versus T,,/Ts and Mg for air, assuming
Mam = 0.85 and r,, =0.89 (Eq. 283)
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'y
o

T*Tg
N W H| O N N @ <0

——— r=0.85 LAMINAR
- = —- r=0.89. TURBULENT

b

|

o

Tw/Ts

FIGURE 70 - High Speed Flow Reference Temperature
3.6.2 (Continuedy:

The formulas for heat transfer become
q=hAT,-T, (Eq. 284)
or
q=h Ay, —iy,) (Eq. 285)

" = Ng(pg)*ve;,

hi = Ng(pg)*V

(Eq. 286)

where the subscript i denotes quantities based on the enthalpy gradient. The relationship between
hjand his

T =T
h = h —2% W (Eq. 287)

aw w
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3.6.3 Flow Over Flat Plates: Heat transfer and skin friction coefficients for compressible flow are found
by the methods shown in 3.5 except that fluid properties are evaluated at the reference
temperature T*, discussed in 3.6.2.

For laminar flow, the skin friction coefficient is

c; - 0664 _ __ 0.664 (Eq. 288)
A/N;Qe N(pQ)*Vx/u*

and the heat transfer coefficient is

C*
h* = 3600Ng,(pg)*Vc;, = 3600(pg)*V - [—f%} ¢ (Eq. 289)
(2N5,)

Assuming that (pg)* = P/RT* (the perfect gas law) and

w15
W = 227 % 10'89% (the Sutherlandequation) (Eq. 290)

then

0.144c: ’P V. ’ T*O-S
* p XX
h (NP )2/3 X T*+ 200 (Eq 291)
r

f* = E (Eq. 292)
p

For turbulent flow, with Nge (< 107, the skin friction coefficient is

0.2

S N0 0.00778 (PVX) .(T*+200) (Eq. 209
e
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3.6.3 (Continued):

and the heat transfer coefficient is

h*=4m7q(§¥)% (Eq. 294)
. _h* (405
For Ngey > 107,
,\/gf = LZ_ (iterative solution required) (Eq. 296)

1094 (NReCr)

0.557¢;
¢t —— =
0.557 +2,[c,

Figure 58 dresents c; and c;as a function of Ni , .

(see Figure 58, Equation 1) (Eq. 297)

3.6.4 Wedges arld Cones in Supersonic Flow: For flow overawedge with an attached ghock at the
leading edge, the inviscid flow properties are the same at any point behind the shock. Therefore,
the flat plate equations given in 3.6.3 apply. The flow properties (5 conditions) to be¢ used are those
following tHe oblique shock at the leading edge:

The supergonic flow over a cone with an attached shock is three-dimensional; however, the
inviscid flow properties are the same along the cone surface at any point behind the shock.
Therefore, the flat plate equations of 3:6.3 apply when multiplied by the following ratios:

Laminar flow:

hcone = 4/5 hplate (Eq- 298)

Ct cone ~ */‘3’ Cfplate (Eq' 299)

(Eq. 300)
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3.6.4 (Continued):
Turbulent flow:
heone = 115 Npjate (Eq. 301)
Ctoone = 1-15 Gt pate (Eq. 302)
Nav cone = 1:022 Ny piate (Eq. 303)
3.6.5 Blunt Body Heat Transfer: At the stagnation point of a sphere (M > 2.0),
q - 137 (gpwuw)o“ .A/992H2J2(P2—P1)
(Np )0 9P2H2 Ry 9po
’ 052 ) (Eq. 304)
(N -Dip) (. Vo .
X 1+—2 . |2+2——|W
i, + (V5/29) 9
where:
q = [Heat flux, Btu/h-ft2
Npo = Prandtl number = 0.71 for air
RN F Radius of sphere, ft
N| /= Lewis number = 1.4
ip = Dissociation enthalpy
The dissoc|ation enthalpy ip may be calculated as follows:
For1.0 <f{<1.2,
ip = 5.13x10°(;) (Eq. 305)
For1.2 <f{<2.0,
in = 11.28 x10%(;' 9 + 1.03 x 10° (Eq. 306)
For2.0 <fy,

iy = 15.15x 10°(f;%) + 10.06 x 10°(f;%)

(Eq. 307)
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3.6.5 (Continued):
where:
f, = Compressibility factor
P = pgfRT (Eq. 308)
and subscripts
1 = Free stream
2 = Following normal shock
w =|Wall or surface
NOTE: The units of enthalpy in this case are ft-Ib/lb.
If
i, <<iy + (V3120), (Eq. 309)
31, [Py
q=522(M_ ) |— (Eq. 310)
Ry
For the cage of a cylinder, the above values are to be multiplied by 0.73.
3.6.6 Surface Equilibrium Temperature: For the situation illustrated in Figure 71,
4
T
SramS g AL (Eq. 311)

where:

—

3
a

— -

r

e

w

awv h W hre

= Static air temperature outside the boundary layer, °R
= Adiabatic wall temperature, °R

F Surface-equilibrium temperature, °R

Radiation sink temperature, O °R in this case

Convective heat transfer to surface, Btu/h-ft2

ql’ - Radiatiw I hcat tl dl Ibfcl fl UIT1 buI_de,C

gy = Arbitrary heat load directed from surface

¢ = Emissivity, dimensionless

& = Stefan-Boltzmann constant, 0.173 x 108 Btu/h-ft>-°R*
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3.6.6 (Continuedy:

Figure 72 g
(Taw - (ay/h

resents equilibrium surface temperatures as a function of the quantitie

).

FIGURE 71 - SUMace EqUIIDIUm femperature

5 (h/e) and
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FIGURE 72 - Wall Equilibrium Temperature for Aerodynamic Heating With Arbitrary Heat Load
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3.6.6 (Continued):

If g, is zero, the change in temperature produced by a change in h may be approximated by

dﬂ _dh Taw—Tw
Tw h 4T, -3T,
dh/h

T AT,/ (T Tl

L dh 1+02rM7 (T, /Ty)
2

4h1 £ 0.2rM— — (34T /T
< TC W 07

These equations provide a quick estimate of the effect on equilibrium’temperature

obtaining th

The stagnation point surface radiation-equilibrium temperatdre on a sphere with a

2ftandas
a cylinder g

where:

dh/h

4+ {(TW/TS)/H +0.2rM% - (TW/TS)]}

e heat transfer coefficient.

Lirface emissivity of 0.9 is shown in Figure 73, ~This curve may be correq

ISV

Constant (0.73 for cylinder and 1.0 for sphere)
Sweep angle, degrees for O < ¢ < 60°

Nose radius, ft

Surface emissivity

Temperaturefrom curve plus 460 °R (Figure 73)
Temperature at desired conditions, °R

(Eq. 312)

of an error in

nose radius of
ted to represent
j equation:

t any sweep angle, nose radius, and surface emissivity by the followin
1/4
T = 1.064(’“’%} (T.) (Eq. 313)
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FIGURE 73 - Stagnation Point Radiation Equilibrium Temperature,
€=0.9,r=2ft (ARDC 1956 Atmosphere)
3.7 Compact He@t Exchangers:

The emphasis on small, lightweight heat exchanger installations has indicated the need for extended
fin surfaces that are more compact than circular tubes. A time saving solution to an extended
surface exchanger is in the use of exchanger effectiveness, . The characteristics of the extended
surface must first be determined by test and plotted as Colburn modulus and friction factor f
ordinates versus Reynolds number.
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3.7 (Continued):

_ Thot fluid in — Thot fluid out

(Eq. 314)

(Eq. 315)

(Eq. 316)

€hot
° Thot fluid in — Tcold fluid in
h A +h A
HAHNoH " NecMoc _ A Bu/h-°F
heAsNoc X NuAKMoH
Ar . .
Mo = 1 —nF(1 —A—T) overall fin effectiveness
where:
'ﬁ _| fin area, ﬂ2
At total area, ﬂ2
_ [tanh mi
L
I [2h
ml = |- [==
2N kS

for a fin betw

and

for an extend

and

Een two plates,

h
1= 2
3 ks

ed fin heated at one end-only, where 6 = fin thickness in feet, and | = fi

W

Crin _ minCp

(] W

max maxCp

_ hot or cold fluid capacity rate
cold or hot fluid capacity rate

(Eq. 317)

(Eq. 318)

(Eq. 319)

(Eq. 320)

h length in feet.

(Eq. 321)

UA

min

= NTU (number of transfer units)

(Eq. 322)

Curves plotting effectiveness versus NTU are shown in Figures 74 through 77. A complete
discussion on the use of effectiveness in solving heat transfer equations is contained in Reference

19. For Figures 74 through 77, the following equations are provided.



https://saenorm.com/api/?name=e7cf83fb79ad34bfbaa4cd9f1593102e

SAE AIR1168/2A Page 101 of 194

3.7 (Continued):

For Figure 74,

1_eexp { NTU[1 - C:D}}
1 _CmLD e exp { NTU [1 —(E:—D}}

(Eq. 323)

where;

e = Side that has ¢y,

HOT FLUIDS {Wcly=cp

‘\/\/\/\_/-—.
r v
COLD FLUID (Welezce
HEAT TRANSFER
SURFACE
Cmin/Cmex%// I
L~ 0.25 A
80 A/Lo‘sol/‘/ L
//;/’ ::;OJs‘A,,—ﬂ
0 o0
s
w A
60
(2]
8 V %
Z
w
>
G 40
w
[T
T
w
zoJ/’y
0

o] ! 2 3 4 5
NO. OF TRANSFER UNITS, NTUmgx=UA/Cmin

FIGURE 74 - Counterflow Exchanger Performance
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3.7 (Continued):
For Figure 75, see Reference 19. For Figure 76,

ne

£ = 7 +(n_1)€p (Eq. 324)
where:

¢, = Effectiveness of each pass
¢ = Side with ¢,

! (Wele
_A.coLo FLUID
H : {Weln
~ I M woT FLUID
\:"‘:"‘,,,
]
100 v
T
Cmen/Smon* O —
I l - gl
] -
* i 7/ 02 > e
O30 psnmmm—_—
i / et -
& | / 7 Lors
v &0 - £ / "m‘ ) . "
(23 H / “T
(3 '
8 i /) /) .
s oy
-
g 40
'S H
b |
w v
!
20
oo ' 2 3 4 -]
NO OF TRANSFER UNITS, NTUmgs *UA/Can

FIGURE /75 - Cross Flow Exchanger VWith Fluids Unmixed
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3.7 (Continued):

For Figure 77}

UNMIXED FLOW WITHIN PASSES, BOTH
FLUIDS MIXED BETWEEN PASSES.

HOT FLUID

[]
1
(Woln X
|
i

-} -§-

S0 2-PASS TS
124 N ‘4

" ARRANGEMENT Y}
| ILLUSTRATED  (Wcke
|

COLD FLUID
S0
4-PASS T
! -
80 =
COUNTERFLOW—I == o
{nze0 ) /’//}7 /‘
. e h L
> L /XB-PASS
v 70 7 / ]
2 ..
2 / r2-PASS
2
W T
1»2- /(—|~PASS
o 60 A
w
[F'
(7
w
50 //
i
I ! !
40 L i L ls

0 i 2 3 4
NO OF TRANSHER UNITS, NTUpyax= UA/Cyin

FIGURE 76 - Multipass,Cross Counterflow Exchanger; Cp,in/Cmax =

where;

—_

= NTU/1+(c

2
min/Cmax)

e = Side with ¢y

(Eq. 325)

(Eq. 326)
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4. RADIATION:

41

l{-—SHEu_ FLUID (We)g= Cs

(C—
£

—.
——

TUBE FLUID {We)y=c,

ONE SHELL PASS

I

2,4,6, ETC, TUBE PASSES

100
"
o
Cmax/Cmin=0
-
80 ,/ j0.25 ]
. / 05017
* /,
- 0.75
w LS
60 4 -
@ / 1.00
172} '3
g /%
wi /
2 /
G 40
w
[’
W
[7%]
20 /
+
o i
0 I 2 3 a 5

Definition:

NO. OF TRANSFERUNITS, NTU gy =UA/Cyy

FIGURE 77 - One to Two Parallel Counterflow Exchanger Performange

Thermal radiation consists of a continuous spectrum of electromagnetic waves that
the emitting hody and.absorbed by the receiving body. At high temperatures the radiation is visible.

Radiation falling‘'on’a body is either reflected, absorbed, or transmitted. The sum of| the reflected
fraction, p (relﬂeﬂ&h;ﬂ,ihe_absmbedimﬂm_mbsmmmwmnﬂon, T

(transmissivity) is equal to 1.

pra+t =1

are produced by

(Eq. 327)
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4.1 (Continued):

42

A body is

a. Specular, when it reflects all energy falling on it and reflection is not diffuse; p =1, a=1=0.
b. White, when it reflects all energy falling on it and reflection is diffuse; p =1, =1t =0.

c. Black, when it absorbs all energy fallingonit, o =1,p=1=0.

d. Gray, when it reflects the same fraction of energy over all wavelengths.

e. Colored, when it reflects different fractions of energy in some wavelengths.

f. Transparent, when it transmits all energy fallingonit, «=0,7=1,p=0.

Kirchhoff’'s Law

A black body
body at the s
black body ig
distinguish th
Spectral emi
Total emissiv

Normal emis

Hemispherici
Lambert surf

Frequently, thhe term emissivity is used to-designate the emissive power of a surfacg

temperature,

emits the maximum possible amount of radiation for a given temperatiire. Any other
ame temperature emits less. The ratio of the emission of a nonblack body to that of a
loosely termed the emissivity €. It is important when speaking of emisgivity to

e following:

Esivity = Ratio of emission at a given wavelength
ty = Ratio of emission over all wavelengths (defined only for a gray bogly)

5ivity = Ratio of emission in direction normal to surface

Bl emissivity = Ratio of emission ovef:all directions from surface (defingdd only for a
bce, 4.6)

at the surface
while the absorptivity refers to the absorptive power of a surface for the characteristic

spectrum of a second radiating surface. For example, the solar absorptivity of a sufface usually

refers to the
equilibrium W
surfaces are
using such e

raction of the solarsspectrum absorbed by the surface at a surface temperature not in
ith the sun. This eemmon usage of emissivity and absorptivity usually [implies that the
gray and obey.Lambert’s cosine law. Thus, a great deal of care must e exercised in
missivity data:
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4.3 Planck’s Law:

The intensity of radiation, I, ., at wavelength A and temperature T, is given by

2
o = ———22C (Eq. 328)
A7 [e exp (Ch/KAT) - 1]
where:
C = Speed of light
h = P[anck’s constant
K = Bpltzmann’s constant
A = Wavelength, microns (1 micron = 10 m)
T = Temperature, °R
or
8
Lo = - 0.37784 x10 (Eq. 329)
AT[e exp (25.896/AT) -4
where:

Lo ¥ Monochromatic intensity of radiation:at wavelength A, Btu/ft>-h-p-°R®

o

See Figure 7
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4.4 Stefan-Boltzrhann Law:

Integration of Planck’s equation over all wavelengths results in the total radiation, Iy,

black body af temperature T:

5000 10,000
AT, u-°R

FIGURE 78 - Monochromatic Radiation Intensity of a Black Body in t
Direction\Normal to the Surface. A = Wavelength in Microns.

50, 00(

emitted from a

where;

o = Stefan-Boltzmann constant
= 0.1714 x 10°® Btu/h-ft2-°R*
T = Temperature, °R

l, = oT

4

(Eq. 330)
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4.5 Wien’s Displacement Law:

4.6

The wavelength of maximum intensity is inversely proportional to the temperature:

(Eq. 331)

where:
Amax IS in microns, p
Tis°R

Lambert’'s Cgsine Law:

Radiation is ¢mitted from an elemental surface with a directional intensity 4 which

cosine of the

where;

lh =11
Integrating th
law. Thus, th

Not all surfag
metal and no

angle from the normal to the surface, ¢:

I¢ =1,cos ¢

tensity of radiation in the normal direction, Btu/h-ft2

varies as the

(Eq. 332)

e intensity over all angles gives the totalradiation as given by the Stefan-Boltzmann

e normal intensity I, is given by

4
ol
T

n

&
T

es obey Lambert’s cosine/law. Figure 79 illustrates the directional radi
hconducting surfaces.compared to a Lambert surface.

(Eq. 333)

ation of typical
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FIGURE 79 - Directional Radiation of Typical Metals
(a) and of Electrically’Nonconducting (Non-metal) Surfaces (b) Compared to a Lambert Surface

4.7 Radiation Befween Solids:

471 Elemental Black Surfaces: The net transfer of energy from one elemental black surface to another
as shown in Figure 80 is given by
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dA,
6,
dA,

FIGURE 80 - Sketch Showing Transfer of Energy From One Surface to Another

4.7.1 (Continued):

[, =1
dQq 2 = % (dA, cos 8,) (dA, cos 6,) (Eq. 334)

where:

[4 and I, = Intensities of radiation in the direction of r

For a surfage obeying Lambert’s cosine law,

4 _4
T,-T,)(dA 87 )(dA 0
0Q, ., - ZH= T2l 3 PREA000) (Eq. 335)
i

4.7.2 Finite Black Surfaces: Integration of Equation 335 over finite surfaces leads to th¢ total exchange
of energy:

&(TH-T)

1~ 12

Qoo = I I—Zcose1cosesz1dA2 (Eq. 336)
A1 A2 T

For two sunfaces, each atwuniform temperature,

c0s6,coso
Q) op=o(Tj-Ty) [ |52 dAda, (Eq. 337)

nr2
A1 A2

or

Qo2 = F12A10(T?—T§) (Eq. 338)
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4.7.2 (Continued):

where:

Cc0Ss0, CosH
Fiz = | [——=-2 dada, (Eq. 339)

At A2 ATT

F 4> is called the configuration factor and is a function of geometry only. The subscripts 1 and 2
signify that the configuration factor is from surface 1 to surface 2.

The reciprocity theorem is shown by inspection of Equation 339 to be

A1Fy2 = AgFyy (Eq. 340)
By definition of the configuration factor,
FiotFig+Fygt.. =1 (Eq. 341)

4.7.3 Gray Body|Radiation: Gray body radiation heat transfer is most easily treated by the network
method ouflined by A. K. Oppenheim (Reference 16). Thedhree body radiation problem in Figure
81 illustratgs the method.

FIGURE 81 - Three Body Radiation

In Figure 8]l the-nddes 1, 2, and 3 represent the three isothermal gray surfaces. Nodes 1', 2', and
3' are floating-hodes that are interconnected by the black body thermal resistance|between the
respective surfaces (1/AF). The thermal resistance connecting the floating node to the surface
node is a function of the surface emissivity (1 - €)/Ae. The heat transfer potential at the surface
nodes is simply oT#, where o is the Stefan-Boltzmann constant. The heat transfer between the
various nodes can be obtained from simple circuit theory or from computer techniques.

This method of gray body analysis may be extended to any number of isothermal bodies, provided
the black body configuration factors are known (see 4.7.5). The original work of Oppenheim
(Reference 16) extends the analyses to the case of gray gases.
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4.7.4 Radiation Heat Transfer Coefficient: For the special case of two bodies with configuration factor
equal to 1.0, the exchange of radiant energy is

4 _4
Q) oo = Ao(Ty-Ty)

= A1G(T$+T§)(T$—T§) (Eq. 342)
= h AT -Ty)
where:
h, = Radiation heat transfer coefficient (see Figure 82), and
5 Ti-T)
h, = 0.173x10 (Eq. 343)

T1 _T2



https://saenorm.com/api/?name=e7cf83fb79ad34bfbaa4cd9f1593102e

SAE AIR1168/2A Page 113 of 194

h,, BTU/HR-FT2-°F

] | | | | |
0 400 800 1200 1600 2000 2400
SURFACE TEMPERATURE, °F

FIGURE 82 - Radiation Heat Transfer Coefficient for Black Body Radiation

4.7.5 Configuratipn Factors;* The following configuration factors are for two black isothgrmal points,
lines, or suffaces separated by a nonabsorbing medium.

4751 Two Infinlte-Parallel Planes:

Fip = 1.0 (Eq. 344)

For two infinite parallel gray planes, the overall configuration and emissivity factor F{5, may be
derived from the network analysis to be simply

_ 1
M2 = (1/e)+(1/g5) -1 (Eq. 345)
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4.7.5.2 A Plane Point Source and Plane Rectangle Parallel to dA4: The normal to dA4 passes through
one corner of A,. See Figures 83 and 84.
[

A

A4
dA'U‘l

FIGURE 83 - Plane Point Source and Plane Rectangle

o
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< 04 ==
g .07 - // 8; -
.05 - .
a ‘ il 0.15___ |
2 03 Y. 2259V —t TTTT
s ! r i 0.1
E o2 o4 Pt —
g y, ;j A [ ¢ AT
2
2 o Y | J.
y.a T o
§_oo7+’1 AT T T +—
} / § an N BRI .
005 4 ,/( 7 T < T ! . L—<
: Ly : | i |
0.003 H IR RWE L i ! L L
0.05 Nl .2 5 2 3 5710 20

FIGURE 84 - Plane Point:Source and Plane Rectangle; Derivation of Equation 346

1 X -1 y y -1 X
Fipo = —[ tan [ j+ tan [ H (Eq. 346)
Zrp 1+ 2 J1+x¥ J1+y? J1+y

for which
lim F,, = —= (Eq. 347)
y=e 41+ %2
lim F,, = — (Eq. 348)

X —> o0 4/1+y2
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4.7.5.2 (Continued):

where;

= @
C

_b
Y=o

(Eq. 349)

(Eq. 350)

4.7.5.3 A Plane Point Source and Plane Rectangle: The planes of dA4 and A, intersect at an angle ¢.

See Figure 85.

for which

\Lc';,ﬂ/dzx,

FIGURE 85 - Plane Point Source and-Plane Rectangle Intersecting at Angle ¢

Fio = ;—n{tan1 (9 + V(N cos ¢ - L)tan71V

W W

lim F,, = ;—n{tan1 (9 + %‘z[gﬂan*%

N — o

4 cos [tanA (N - L cos Q) +tan71 (L 0\7\/5 gﬂ}

2]

lim F,, = 0
L=

. 1
lim F,, = =(1+cos
Lo 12 3 ®)

lim F,, =20
NL-soo 12

(Eq. 351)

(Eq. 352)

(Eq. 353)

(Eq. 354)

(Eq. 355)
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4.7.5.3 (Continued):

where;

- L (Eq. 356)
A/N2 + L2 —2NLcos¢

W = J1+L%sin% (Eq. 357)
N = a/b (Eq. 358)
(Eq. 359)

LT

See Figures 86 through 90.
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FIGURE 86 - Planes Intersecting at ¢ = 30°
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FIGURE 90 - Planes Intersecting at ¢ = 150°

al Point Source dA4 and a Plane Rectangle A,: The point source is lo
a rectangle that has one common side with A,. The planes of the two
at andangle ¢ as shown in Figure 91.

cated at one
rectangles
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FIGURE 91 - Spherical Point Source and Plane

4.7.5.4 (Continued):

_ 1 —1 X(y — COS ) -1/ xcos¢
Fi2 4n{’tan [A/1 —— }Han [J—Zj} (Eq. 360)
+Xx +y —2ycosd 1 +#%

For ¢ = 9D° (see Figure 92):

Q.15 I @0
1
.10 = N
2
07 ¢ '
< 05
u'_ .04 1 0.6
& -03 —] 0.4
G
S 02 A AT 02
2 20 #%t ] ‘
g .0l - r
=01
§ .007 — X
- o
@ .005 A : 1]
‘g .006 —+
S 003
/ it
.002
y HH— 1 H
0.001 L4 ; A
0.1 2 3 5 10 2 345 I0 20 30

FIGURE 92 - Two Angles Intersecting at ¢ = 90°; Derivation of
Equations 360 and 361

1 -1 Xy
Fi, = 7tan {—j (Eq. 361)
4 N1+ X2 + y2
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4.7.5.4 (Continued):

for which
: 1
XIEL,FQ = 4n’[an y (Eq. 362)
lim F, = % (Eq. 363)
Xy = oo 8
where:
_b
x|= 2 (Eq. 364)
_a
Y73 (Eq. 365)
4.7.5.5 A Plane Roint Source dA4 and a Plane Circular Disk A,: The plane‘of dA is pargllel to the plane
of A,; thelpoint source is located at a distance rq from the normatto the center of|A,, as shown in
Figure 93.
L
~~L7
-~/ =
FIGURE 93+ Plane Point Source and Plane Circular Disk
22
Fio = %[1 S X2ED J (Eq. 366)
Jx% - 4E°D?
where:
x =t 1+ 202 (Eq. 367)
E =ryd (Eq. 368)
D =d/r, (Eq. 369)

See Figure 94 for a graphical solution of F4, (Equation 366).
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4756 APlane b
Parallel ¢

p Itself and the Plane of dA4: This is shown in Eigure 95.

Fio = %(cose — COS ()

RE 94 - Plane Point Source and Plane Circular Disk; Derivation of Equition 366

Point Source dA4 and Any Surface A, Generated by.an Infinitely Long lline Moving

FIGURE 95 - Line Moving Parallel to Itself and Plane at Point Source gA4

(Eq. 370)
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4.7.5.7 A Plane Point Source dA4 and Any Infinite Plane A, With Planes of dA4 and A, Intersecting at an
Angle 6: Figure 96 illustrates this.

FIGQURE 96 - Intersection of a Plane of Point Source dA4 and an InfinitePlane A,
1
Fio = 5(1 +c0s0) (Eq. 371)
4.7.5.8 A Plane Roint Source dA4 and a Plane Disk A,, the Planes of dAy and A, Intersgecting at an
Angle of 80°: The centers of A, and dA4 lie in a plane perpendicular to the two planes (see
Figure 97).
FIGURE 97 4 Intersection of Planes of a Point Source and a Disk
2 2
F12=g[ 1+R *2 }_1 (Eq. 372)
J(1+R?+ D32 _4R?
for which
2
lim Fy, = [% D +2 —DJ (Eq. 373)
R—1 D214
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4.7.5.8 (Continued):

where;

D

r
b

a

b

(Eq. 374)

(Eq. 375)

4.7.5.9 A Plane Point Source dA4 and a Right Circular Cylinder A, of Length I: The normal to dA
passes through the center of one end of the cylinder and is perpendicular to the axis of the

cylinder,

-n

where;

A

B
D

AS 1N Figure 9s.

r_

_ i L +I:[A—2D.
2 D b2_4 T.DJ/AB

= (D+1)2+L2

= (D- 1217

= dAp

L

=1/r

ED

g ——f

d

wp |

FIGURE 98 - Plane Point Source and Right Circular Cylinder

4 AD=T) 1 .. D—1}
tan " | ~tan
an JBo+r1 D " JD+1

See Figure 99 for a graphical solution of F4, (Equation 376).

(Eq. 376)

(Eq. 377)
(Eq. 378)
(Eq. 379)
(Eq. 380)
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FIGURE 99 - Plane Point Source and Right Circular Cylinder; Derivationof Eg

47.5.10 Two Con
of the La

Ay; A4 does not include the ends of the annulus. See Figure-100.

FIGURE 100 - Concentrie.Cylinders With the Larger Having an Inside Poin

L

centric Cylinders of Radius r and d and Length | With a Point Source d/
ftger Cylinder at One End: The configuration factor is from*the point sou

2 2
%_‘J_D+1—D{Ltan1A/D2—1 —%tan1[—l‘ —4@ _1)}
T 4LJD? -1

B [M} tan”! [J(D2 L%+ 4D2)}}
JL%+4D? -

uation 376

A1 on the Inside
rce dA;on A4 to

Source

(Eq. 381)
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4.7.5.10 (Continued):

where;

O
Il

-
Il

=I1Q

—-1—

See Figure 101 for a graphical solution of F4, (Equation 381).

0.5 —
.4 ] 30
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FIGURE101 - Concentric Cylinders; Derivation of Equation 381

4.7.5.11 A Plane Foint Seurce dA and a Plane Trapezoid Ay, the Planes of dA{ and A,

Angle ¢: [The.source dA4 lies on the side of the short leg of the trapezoid, as sh
Figure 102:

(Eq. 382)

(Eq. 383)

ntersecting at
bwn in
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FIGURE 102 - Plane Point Source and a Plane Trapezoid

4.7.5.11 (Continugd):

2
Fiof = l[’tan%%} +NCOSA _L{tan1 [(K +1)+KAEN—LCOS¢)}

(Eq. 384)
s 1[K(N —Lcos¢) COS ¢ -1(Lcos¢ -1(N£Lcos¢ +
tan [ y }}+ B [tan ( B )+tan ( B PSH
where:
Al= A/(K2 + 1)L25in2¢ +(N- Lcosc]))2 (Eq. 385)
B|= 41 +L2%sin% (Eq. 386)
N|= a/b (Eq. 387)
L|= c/b (Eq. 388)
6|= tan 'K (Eq. 389)

See Figufe 103 for a graphical solution of F 5 (Equation 384).
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FIGURE 1

4.7.512 A Plane R
Angle ¢:

03 - Plane Point Source and a Plane Trapezoid; Derivation of Equatio

Point Source dA4 and a Plane Trapezoid A,, the Planes of dA4 and A,
The source dA4 lies on the side of the long leg of the trapezoid. See H

FIGURE 104(- Intersecting Planes of a Point Source and a Trapezoi

21—75(’(an71 (9 + %‘3 . [’[anf1 (u — IIBCOS ) +tan” (LC—;MQ)]

1 384; ¢ = 90°

ntersecting at
igure 104.

[oX

(Eq. 390)

o

N+ K) cos "-Jtan”P —K(N-=Le0s0)1 5 TTKIN= K- Leoso)] )
I LY = 7Y -IJ/

L |- |
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4.7.5.12 (Continued):

where:
A= A/(K2+1)L25in2<])+(N+K—Lcos<]))2 (Eq. 391)
B = J/1+L2sin%p (Eq. 392)
N =a/b (Eq. 393)
L=c/b (Eq. 394)
6|= tan ' (K) (Eq. 395)
See Figufe 105 for a graphical solution of F 5 (Equation 390).
0.3 -
.2
NINWNw
NN
BEANANNSINNS
LL‘: \‘\ N N \\ A
- .05 N A AWARAY
< A N\
: 02 \\ \ A -
2 LINEAR ! 9]
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3 a X m'&"o°
T AUAY n 6}_6_ o] N
§ .005 X, %\%Xﬁ AN
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ooz #:%°° \\\\ \\
\
o.oono 1.2 3 5 1.0 2 3 5 10 20
L
FIGURE 105 - Intersecting Planes of a Point Source and a Trapezoid;

[ H ' £ - ' 200
UTCTIVAUUITT U LLYYUAlVlT OoyJ, ll) = JJ

4.7.5.13 A Line Source dA; and a Plane Rectangle A, Parallel to the Plane of dA; With dA; Opposite One
Edge of A,: Figure 106 illustrates this case.
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SAE

7

FIGURE 106 - Parallel Line Source Plane and Rectangle Plane, With One Opposite Edge

4.7.5.13 (Continued):

for which

where;

y

b
c

=2
c

See Figu

re 107 for a graphical solution of F45 (Equation 396)

(Eq. 396)

(Eq. 397)

(Eq. 398)

(Eq. 399)

(Eq. 400)
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47.514 A Line Sq
Refer to |

FIGURE 107 - Line Source and Rectangle Planes; Plotof Equation 3

Do

urce dA4 and a Plane Rectangle A, That Intersectsthe Plane of dA4 at an Angle ¢:

Figure 108.

a

L=

FIGURE 108 - Intersection of Planes of a Line Source and Rectangl|

D
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4.7.5.14 (Continued):

e 21 71(1 sino, [ L%(L?~2NLcos¢ + 1+ N?)
12 = =tan [ =) +L 5 In 5> 5
T (1+L°)(L"-2NLcos¢ +N°)

im0t (Lt

+ cosq)/\/1 + Lzsin2¢~ [tan [ _N_Lcosg +tan " [LC& }
N1+ L%sin? N1+ L%sin?

Ncosg | 71( 1 \]

- 1dn k > 2Jr
JL — 2NLcos¢ +N? JL2—2NLcos¢+N

for which

N —s oo 2c0s¢ 1+L

2
lim Fq, = —tan (J Lcosq) {sm (]) [ L 2J—sin(])(n—¢)

+ N1+ Lzsinzg . [E+tan71( Lcosg )}}
L 2 1+ Lzsinzq)

lim Fy, = 0
L—>e

. 1
lim F,, =\=(1+cos
Lo 12 3 ®)

limF,, =0
Noo 12

where

Tl

L

T10

See Figures 109 through 113.

(Eq. 401)

(Eq. 402)

(Eq. 403)

(Eq. 404)

(Eq. 405)

(Eq. 406)

(Eq. 407)
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FIGURE

4.7.5.15 A Line Sq¢

end of the source passes through and is normal to the centerline-of the cylinder 3

Figures 1

L

113 - Line Source and Rectangle Planes; Intersection at ¢ 5 160° (See
urce dA4 and a Right Circular Cylinder A,, Both of Length'l: The norm

14 and 115, where D =d/rand L = I/r.

FIGURE 444 - Line Source and Right Circular Cylinder

Figure 108)

al through each
t the ends. See
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FIGURE 115 - Line Source and'Right Circular Cylinder

4.7.5.16 Two Congentric Cylinders of Radii r and d and’Length | With a Line Source dA4 pn the Inside of
the Largq Cylinder: A, is the area of the inner surface of the large cylinder (shoyn in Figure 116
with zero|wall thickness), A, is the area of the outer surface of the small cylindef (zero wall
thicknessd)), and Aj is the cross sectional area at the ends of the cylinders, as shpwn in Figure
116. Seq Figure 117 for F44 where)D = d/rand L = I/r.

FIGURE 116 - Concentric Cylinders With Line Source Inside the Larger One
Ay = 2ndl, Ay = 27irl, Ag = n(d?-r?)
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FIGURE 117 - Concentric Cylinders, One Inside Line Source
4.7.5.16 (Continued):
Faas = 15(1 -Fi-Fi2) (Eq. 408)

where;

F1, is obtained from Figure 115
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SAE

4.7.5.17 An Infinitely Long Cylinder A and an Infinite Plane A,, Mutually Parallel: See Figure 118.

! 97,

li N

FIGURE 118 - Infinitely Long Cylinder and Infinite Plane, Mutually Parallel
Fo. A = %(1 + cos¢) (Eq. 409)
_ N
Fo, a, = ——5 (Eq. 410)
(N"-M%)
where:

M = ? (Eq. 411)
N|= 2 (Eq. 412)

4.7.5.18 Identical,|Parallel, Directly Opposed:-Rectangles A4 and Ay: See Figure 119.

FIGURE 119 - Identically Parallel, Directly Opposed Rectangles
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4.7.5.18 (Continued):

2 | Ta+xda+yd™?
F12=—In[( X X g)} +y1+x2tan1[ Y J

Xy 1+x’+y 1+x2
(Eq. 413)
+ XA/ 1 +y2tan1[ J—ytan1y—xtan1x}
1 +y2
for which
im Fpp = 1+ 11 (Eq. 414)
X = oo y2 y
i _ / 1.1
yl@me = M +X2 " (Eq. 415)
lim Fyp =1 (Eq. 416)
X,y — o0
where:
N g (Eq. 417)
o= % (Eq. 418)
See Figure 120.
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FIGURE 120 - Parallel, Opposed Rectangles; Per. Equation 413

4.7.5.19 Two Recfangles Ay and A, With One Common Edge and Included Angle ¢: See Figure 121.

For$=9

D°:

a

A
r

§

.

FIGURE 121 - Two Rectangles With Common Edge and Included An

b= T&[Ltan1 (9 +Ntan ™' (’L

) - «/N2 + L2 tan1[

1
JINZ + |_zj

e

L2(1 + L2 + N2)

N2(1 + L2 + N2)

2 2
+1—In{[(1+l‘ )(1+N%)

(1 +L2+N2)

I

L2
1+L2)(L2+N2)} [(

N2
1+N% L%+ NZ)} B

e

(Eq. 419)
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4.7.5.19 (Continued):
for which
leoFm =0 (Eq. 420)
2
. I PO e A 2, L f1+L
Jim Fp = n[tan (J+4L In(1+L?) 4In[ > H (Eq. 421)
where:
N = E (Eq. 422)
L= E (Eq. 423)
See Figures 122 through 126.

-
] \

u_§ .9 '-_\_:O'm :
< e
S 7 A
2 % o -

.6
v S
2 5 VA S
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c 4 4 L
<
@ 3 < -
8 . yd 1,6 (A4 A
z 2 < a2
5 — - 10 13
s | H =) w—
(S e et

N====: i

ol 2 3 5 1.0 2 345 10 20 o

FIGURE 122 - Included Angle (Figure 121) ¢ = 30°
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FIGURE 123 - Included Angle (Figure 121) ¢,280°
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FIGURE 124 - Included Angle (Figure 121) ¢ = 90°
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4.7.5.20 Parallel,

b LT I L=01
o 20— LT ] . 2 1 _
L [} S—— ,/,/ ny P e | | i P _

A -+

¢ of =T Tides 1
8 16F b ) ““/'(..-—'- T LI S —]
Q 14 Pas 4 L
Sz A g 5ol o)

D8 O BZeQ Ny
5 10 /] k> =
g osl DFIL AT - T2 .
2 06 = e e 4 —
'S T T
g 04 1 :[V"‘FHH [ :—1-——"—""'6 | I
Sowp Ll
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ot 2 3 5 ] 2 345 10 20 o

FIGURE 125 - Included Angle (Figure 121) ¢ = 120°
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FIGURE 126 - Included Angle (Figure 121) ¢ = 150°

Directly Opposed, Plane Circular Disks: Figure 127 illustrates this case.

FIGURE 127 - Parallel, Directly Opposed, Plane Circular Disks
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4.7.5.20 (Continued):

Fy, = %(x— W - 4E%D? (Eq. 424)

where:
x = 1+(1+E%D? (Eq. 425)
E = r,/d (Eq. 426)
D = dir, (Eq. 427)

See Figure 128.

1
(10 e
9£8,/[ s )

. 6 4 /.
8 s )
N v —

@ 1

R e g

a6 7 7 2177 — =
z sl 117 151 _
e "IN/ 125 T

-SRIV AIEY A .
s ] i

E‘SJ  — / .08 .
g 2 / A Qs v
oKL AX Y - 0.5 ; i/

o1 WL LA AL A5 4 1 ’

’ s e i 03 T r4

o == =0.2 i #

ol 2 4 6 810 2 3456 810 =
]

FIGURE 128 -(Parallel, Opposed Plane Circular Disks; Per Equation 424

4.7.5.21 Two Pardllel, Congentric Cylinders A4 and A, of Radii ry and r, and Infinite Length:
See Figure 129.

FIGURE 129 - Parallel, Concentric Cylinders
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4.7.5.21 (Continued):

Fio =1 (Eq. 428)
Foy = — (Eq. 429)

4.7.5.22 Two Concentric Spheres A4 and A, of Radiirq and r,: See Figure 130.

Az

r2

FIGURE 130 - Concentric Spheres

Fip = 1 (Eq. 430)

Py = (5)2 (Eq. 431)

N
3

4.7.5.23 An Infinit¢ Cylinder Parallel to the Plane of-an Infinitely Long Rectangle of Width
See Figure 131.

le——

Ay

L—m-—
]

FIGURE 131 - Cylinder Parallel to Plane of Rectangle

Fip = [(LJM)}’(an*1 (ﬁ) —tan”" (%I) (Eq. 432)
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4.7.5.23 (Continued):

4.7.6

4.7.7

For M =0,
1 -1(L
Fio = (E)tan (N)
where:
N="1
r
M="m
r
Ll=!
r
Celestial Radiation: The solar heating flux outside the earth’s atmosphere varies

406 to 442

approximately 0.39 over the earth’s surface. If itis assumed-\that the earth is in ne

with all spa

where:

Solution of

approximately 22,0001t

Radiation f

industrial furnace design, in which (1) a portion of the enclosure constitutes a hea

=|Radius of earth, ft

=|Solar heating flux, Btu/A-ftZ

= [Albedo, dimensionless

= Radiation emittance dimensionless

Btu/h-ft2. The albedo (or reflectivity) of the earth fot/solar radiation ave
ce, the effective average temperature of the earth is given by

Solar energy absorbed = Energy radiated

2 4
4nR" 0T 41n

S(1-p)nR?

the relation yields Tq,h = 444 °R, which is the atmospheric temperatu

(Eq. 433)

(Eq. 434)

(Eq. 435)

(Eq. 436)

rom
brages
bar-equilibrium

(Eq. 437)

re at

om Luminous Gases: One of the most common problems in this category occurs in

source or

sources (s

I} £ | ) ('l L ('l LLl L ] .+ ] +
chrasafuetbed—acarborondunmmufflerorarowof etectricat resistors), (2) another

portion is a heat sink or sinks (such as the surface of a row of billets, the tubes of a tube still, or
boiler furnace), and (3) another portion is an intermediate refractory connecting wall system, which
is a heat sink only to the extent that it loses heat by conduction through its walls to the furnace

exterior.
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4.7.7 (Continued):

4.7.8

If the convection from gases on the outside of the refractory walls is approximately equal to the
loss by conduction through the walls, the net radiant heat interchange of the inside surface of the
walls with the rest of the furnace interior is zero. Since the radiation incident upon the refractory
walls is generally so enormous compared with the difference between gas convection and wall
conduction, the assumption that the net radiant heat transfer at the wall surface is zero is an
excellent one. It simplifies enormously the problem of heat transfer from source to sinks and the
effect thereon of the refractory sources.

The configuration factors F 4, discussed previously in this section may be used or a more complete

Qo oun nadia-Chantar 4 of Dafaranmas

set of facto

Radiation fi
containing,
spectrum.

Conversely, if the gas mass is heated, it radiates in those same wavele

hao for o fal
<& LAl Ve TUUTTV TTT NI IGHLGI = VT TAGTOGT O TV U,

om Nonluminous Gases: If black body radiation passes through a gag
for example, carbon dioxide, absorption occurs in certain regions’of th

mass
b infrared
ngth regions. Of

the gases ¢ncountered in heat transfer equipment, carbon monoxide; the hydrocarbons, water

vapor, carbon dioxide, sulfur dioxide, ammonia, hydrogen chloride;and the alcohg
emission bands of sufficient magnitude to merit consideration. Curves

those with
emissivity g

The treatm

and from flames made luminous by the thermal decomposition of hydrocarbons tg

the evaluat|

The combustion process by which soot luminesity is produced is a complex one, f

completely

furnace, but a simpler approach is oftenfeasible.

The signifig
emissivity.
optical pyrg
performang
discussion

f these gases are found in Reference 6.

on of radiation from clouds of particles.

understood. It is presently notpossible to predict the flame luminosity

ant property of a flame is’its emission rate, separable into its temperat
If a furnace for a given operation exists for study, measurements can k&
meter and a total‘\radiation pyrometer, which are of assistance in imprg
e or in designing a new furnace of different capacity or shape. Forac
of this method, see Reference 6.

Is are among
showing the

ent of radiation from powdered coal or atomized oil flames, from dust particles in flames,

soot involves

ar from being
in a proposed

ire and

e made with an
ving

omplete
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SECTION 1D - MASS TRANSFER

1. INTRODUCTION:

11

1.1.1

Scope:

Relationship Between Convection and Evaporation: For a liquid evaporating into a gaseous
atmosphere (see Figure 132) it can be shown that there is a relationship between the mass
transfer that takes place by evaporation and the heat transfer between the liquid and the gas. Itis
convenient to express this relationship as a dimensionless ratio, that is, hy/k,,S which is the Lewis

number N gt

For air-wat

F

cvimboale ara dafimad 1 D 4 AN s e
3 \J_yllll.l\.lla Ui UoTimreoud it 4. T, |}, A A4 B B~
h = —9
o]
At - 1)
W

m = Alog-0,,)

w
I

= Specific humid heat

Br mixtures,

S =0.24+0450

a ts, g t
WALLL— /(1:
o / 4

— N

\ FILM SURFACE

IGURE 132 - Diagram of a Liquid Evaporating Into a Gaseous Atmosp

(Eq. 438)

(Eq. 439)

(Eq. 440)

(Eq. 441)

here

Figure 133 gives values of hy/k,,S for various liquids evaporating into air as a function of
kMa/Dag(P9)aMgS. For air-water mixtures at low humidities, hy/kpcp, = 0.89.
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2. SURFACE EV/

21

211

FIGURE 1

Diffusion:

Diffusion is th

3

(D b

£

~ L

>

S B = -
0.7 ”1111' - | 1]‘
0.5 1 2 34 6

kMg
Dap(pg)aMgS

B3 - Dimensionless Relationship Between Evaporation and Conyection

\PORATION INTO A GAS ATMOSPHERE:

e transport of molecules of a given substance through another substan

the concentration gradients of the given substance. Only gaseous diffusion of a vay

(Reference 1)

or through a

noncondensing gas is considered here.
Nomenclature:
A = Afea, ft
Cp = Specific heat of dry gas at constant pressure, Btu/lb-°F
Coan = Specific heat of component A; Btu/lb-°F
Cog = Specific heat of component B, Btu/lb-°F
Dag = Dfffusivity of component A into noncondensable component B, ft2/h
dy = D|ameter of the sphere; ft
G, = Mass velocity, Ib-molé/h-ft?
ho = Cpnvective heat transfer coefficient, Btu/h-ft>-°F
K = Bpltzmann constant, ft-Ib/°R
k = Thermal conductivity of mixture, Btu-ft/h-ft2-°F
kg = ss transfer coefficient, Ib-mole/h-ft2-atm
Km = MESS transfer coefficient, Ib dry gas/ft2-h
Le = Latent heat of evaporation, Btu/lb
Lg = Latent heat of sublimation, Btu/lb
M = Molecular weight, Ib/Ib-mole
Ma = Molecular weight of component A, Ib/lb-mole
Mg = Molecular weight of component B, Ib/Ilb-mole
N e = Lewis number, dimensionless
Nsc = Schmidt number, dimensionless
P = Absolute pressure of mixture, psia

= Partial pressure of component A at point 1, psia

ce, due solely to
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2.1.1 (Continued):

Pao
Ps

Pem
Pg1

Pgo

= Partial pressure of component A at point 2, psia

= Barometric pressure, psia

= Log mean effective pressure differential of component B, psia
= Partial pressure of component B at point 1, psia

= Partial pressure of component B at point 2, psia

= Vapor pressure at the surface, psia

= Vapor pressure of final mixture, psia

= Heat transferred, Btu/h

= Heat absorbed by evaporation, Btu/h

ol distance parameter, angstrom
ol separation factor, dimensionless
h + I'g)/2, where rp and rg are obtained from Table 5

= Upiversal gas constant
= 0[729 ft>-atm/lb-mole-°F

pecific humid heat, Btu/lb-°F
BTt CpA(J)

emperature, °R

ritical temperature, °R
brmal boiling point temperature, °R
Lrface temperature, °F

Wall temperature, °F

nal mixture temperature, °F
becific volume, ft3/lb

V\teight of liquid evaporated, Ib/h

eight of vapor diffused, Ib/h-ft2

brrelation factor for evaporation and convection, dimensionless
stance of travel of component, ft

pllision function obtaifed from Figure 134, dimensionless

nergy mol interaction, ft-1b

nergy mol interaction

Eagg, TtlD

bsolute“humidity, Ib-vapor/lb-dry gas

bsolute humidity at film surface, Ib-vapor/Ib-dry gas

W
C
D
C
DEnsity of component A, Ib/ft>
E
E
J

solute humidity at wall, Ib-vapor/lb-dry gas

bsolute humidity remote from surface, Ib-vapor/lb-dry gas
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2.1.2 Diffusion in Laminar Flow: The diffusion of component A through the noncondensing component B
is given by

W, = o887 (b, Pt Eq. 442
AT RTzPgy A1~ PA2 g7 (Eq. 442)

where:

Pem = Log mean effective pressure differential of component B between points 1 and 2

= (Fg1 = Fpgo)/IIM{Fg1/Fpgo}l (Eq. 443)
Pgi| = P-Paq (Eq. 444)
Pgd = P-Pas (Eq. 445)

and

p (P-Ppr)—(P-Pp5)
BM  IN[(P-Pyr;)/(P—Prl

(Eq. 446)
_ Pa2—Paj
IN[(P =Py )/ (R=Par)]
The diffusiyity of the system (Dag) is given by,
002105 T?(+ L)”z
My Mg
Dag = > (Eq. 447)
P(rag) [f(0)]

The values|of f(8) can be found from Figure 134, using values of ¢/K from Table 5; values of r are
also given in Table 5.
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FIGURE-134 - Relationship for KT/epg Versus () (Reference 20)
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2.1.2 (Continuedy:

213

TABLE 5 - Values of Diffusion Factors'

If necessar

llustrative
psia and 49

Solution:
T =492 °R
Mp =32
P =14.7 ps
Mg =28

From Tablg

Example of Diffusion in LaminarFlow: Estimate the diffusivity of O, thr

2 °R.

a

5 for.O>,

Gas (¢/K),’R r
Air 174.4 3.617
H, 60.0 2.968
N, 164.5 3.681
CO, 3420 3.996
N,O 396.0 3.879
NO 2140 3.470
CH 246.0 3.882
O, 204.0 3.433
co 198.5 3.590
A 223.0 3.418
Ne 64.25 2.800
He 10.85 2.700
'Ref. 2.

e/K = 0.75T

crit

e/K = 1.39Tygp

vM

" - 08357

1/3

y, values of ¢/K and r can be estimated, using the following empirical reg

lationships:
(Eq. 448)
(Eq. 449)
(Eq. 450)

bugh CO at 14.7

(e/K)p = 204—Reandrr=3433

and for CO

(e/K)g = 198.5 "R and rg = 3.590
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2.1.3 (Continued):

Then

- J®,®,
J(204)(198.5) = 202

KT _492 _ 543

g 202

From Figure 134 _f(0) = 0 504 therefore

" 'Atls _ 3.433+3.590
AB 2 - 2

3.512

and substitution into Equation 447 yields

(0.0p195)(492)>%(1/32 + 1/28) "
(14.7)(3.512)%(0.504)

0.683 ft°/h

DAB

Alternately,| the critical properties of the gases might have been used to estimate t

Thus, for Qp,
Terit =278 [R and vt = 145.5 ft3/1b

Therefore

(e/K)p = (0.75)(278) = 208 °R

(145.5)(32)713
62428 }

Fp =

~~

).833)[
= 3|50
Similarly, far CO;

he quantities.

T, = 242°R and v, = 200 ft°/Ib

crit — crit

(e/K)p = (0.75)(242) = 182 °R

1/3
g = (0.833)[%} =372

These values lead to Dag equal to 0.647 ft?/h as opposed to 0.683 ft2/h.
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