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Objectives

Understand the physical mechanism of natural
convection

Derive the governing equations of natural convection,
and obtain the dimensionless Grashof number by
nondimensionalizing them

Evaluate the Nusselt number for natural convection
associated with vertical, horizontal, and inclined plates
as well as cylinders and spheres

Examine natural convection from finned surfaces, and
determine the optimum fin spacing

Analyze natural convection inside enclosures such as
double-pane windows.

Consider combined natural and forced convection, and
assess the relative importance of each mode.



PHYSICAL MECHANISM OF NATURAL CONVECTION

Many familiar heat transfer applications involve natural convection as the primary
mechanism of heat transfer. Examples?

Natural convection in gases is usually accompanied by radiation of comparable
magnitude except for low-emissivity surfaces.

The motion that results from the continual replacement of the heated air in the

vicinity of the egg by the cooler air nearby is called a natural convection current,
and the heat transfer that is enhanced as a result of this current is called natural
convection heat transfer. w.‘.,-m
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Buoyancy force: The upward force exerted by a fluid on a body completely or
partially immersed in it in a gravitational field. The magnitude of the buoyancy
force is equal to the weight of the fluid displaced by the body.
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The net vertical force acting on a body
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Archimedes’ principle: A body

immersed in a fluid will experience
a “weight loss” in an amount equal
to the weight of the fluid it == )
displaces. — — T —
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The “chimney effect” that induces . Puovamy_

the upward flow of hot combustion It is the buoyancy force that keeps the

gases through a chimney is due ships afloat in water (W = Fyyoyancy fOr
to the buoyancy effect. floating objects).
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The coefficient of volume expansion

is @ measure of the change in
volume of a substance with
temperature at constant pressure.

Volume expansion coefficient: Variation of
the density of a fluid with temperature at
constant pressure.
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The larger the temperature
difference between the fluid adjacent
to a hot (or cold) surface and the
fluid away from it, the /arger the
buoyancy force and the stronger the
natural convection currents, and thus
the higher the heat transfer rate.



In natural convection, no blowers are used, and
therefore the flow rate cannot be controlled externally.

The flow rate in this case is established by the dynamic

balance of buoyancy and friction.

An interferometer produces a
map of interference fringes,
which can be interpreted as
lines of constant temperature.

The smooth and parallel lines
in (a) indicate that the flow is
laminar, whereas the eddies
and irregularities in (b) indicate
that the flow is turbulent.

The lines are closest near the

surface, indicating a higher
temperature gradient.

(a) Laminar flow (b) Turbulent flow

Isotherms in natural convection
over a hot plate in air.



EQUATION OF MOTION AND THE GRASHOF NUMBER

"N

N\

N\

Temperature

T

4

Velocity
1 T profile
4 u=1

Boundary
layer

Stationary

flud

at T,

The thickness of the boundary layer
increases in the flow direction.

Unlike forced convection, the fluid
velocity is zero at the outer edge of the
velocity boundary layer as well as at the
surface of the plate.

At the surface, the fluid temperature is
equal to the plate temperature, and
gradually decreases to the temperature
of the surrounding fluid at a distance
sufficiently far from the surface.

In the case of cold surfaces, the shape
of the velocity and temperature profiles
remains the same but their direction is
reversed.

Typical velocity and temperature
profiles for natural convection
flow over a hot vertical plate at
temperature T inserted in a fluid
at temperature T...



Derivation of the
equation of motion
that governs the
natural convection
flow in laminar
boundary layer

F

Forces acting on a differential
volume element in the natural
convection boundary layer
over a vertical flat plate.
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This is the equation that governs the fluid motion
in the boundary layer due to the effect of
buoyancy. The momentum equation involves the
temperature, and thus the momentum and
energy equations must be solved simultaneously.



The Grashof Number

The governing equations of natural convection and the boundary conditions
can be nondimensionalized by dividing all dependent and independent variables
by suitable constant quantities:

S — L v — i = ﬂ [t r— E ] T:E: — T - Tx'

Xt = L{. vt = Lf u* = vV v = V anc = T_; — Tx-

Substituting them into the momentum equation and simplifying give
it s [eB(T, — T.)LY| T+ I 0%u*
H:E: f_ _|_ U:;: ( I _ [ B [ . } T _ + 0 _
dx* dy* v Re; Re; dv*”

oB(T. — T,)L Grashof number: Represents
o ¢ ** the natural convection effects in
7 momentum equation

G Iy =

= gravitational acceleration, m/s?

coetficient of volume expansion, 1/K (8 = 1/T for ideal gases)

[

&

T, = temperature of the surface, °C

T, = temperature of the fluid sufficiently far from the surface, °C
LL

. = characteristic length of the geometry, m

v = kinematic viscosity of the fluid, m?/s



* The Grashof number provides the main criterion in determining whether the
fluid flow is laminar or turbulent in natural convection.

« For vertical plates, the critical Grashof number is observed to be about 10°.

Hot

surface When a surface is subjected to external
:_ / flow, the problem involves both natural
20 FEriction and forced convection.
J | force Cold The relative importance of each mode of

1 fluid heat transfer is determined by the

value of the coefficient Gr/Re?:

B N N N

 Natural convection effects are
negligible if Gr/Re? << 1.

- l  Free convection dominates and the
forced convection effects are negligible
if Gr/Re? >> 1.

The Grashof number Gr is a Both effects are significant and must
measure of the relative be considered if Gr/Re2 ~ 1.

magnitudes of the buoyancy

force and the opposing viscous

force acting on the fluid. 10

LN

Buoyancy
force



NATURAL CONVECTION OVER SURFACES

Natural convection heat transfer on a surface depends on the geometry of the
surface as well as its orientation. It also depends on the variation of temperature

on the surface and the thermophysical properties of the fluid involved.
With the exception of some simple cases, Heat transfer relations in natural
convection are based on experimental studies.

hL. Constant

Nu = P C(Gr, Pr)" = CRaj coefficient

J Constant
Nu=C RHE exponent

gB(T, — T.)L.  Rayleigh

Ra, = Gr; Pr = Pr number / \

V-
The constants C and n depend on the Nusselt Rayleigh
geometry of the surface and the flow number number

regime, which is characterized by the

range of the Rayleigh number. Natural convection heat

transfer correlations are

The value of n is1/4 usually for laminar usually expressed in terms of
flow and 1/3 for turbulent flow. the Rayleigh number raised
All fluid properties are to be evaluated to a constant n multiplied by
at the film temperature T;= (T + T..)/2. another constant C, both of

which are determined

experimentally. 1

O. =hA(T.—T,) (W)

OV



Empirical correlations for the average Nusselt number for natural convection over surfaces

Characteristic

Geometry length L_ Range of Ra Nu
Vertical plate K 104-10° Nu = O.59F€a.1£-"4
T, 10%-10%3 Nu = 0.1Ra}”
L , 0.387Ra}'® .
L Entire range Nu = 5 0.825 + ——
[1+ (0.492/Pr)*/16]8/27
X (complex but more accurate)
_ Use vertical plate equations for the upper
Inclined plate surface of a cold plate and the lower
surface of a hot plate
L
9\/-"— Replace g by g cos# for Ra < 10°
Horizontal plate 104-107 Nu = 0.54Ral*
(Surface area A and perimeter p) 7 1all _ 13
(a) Upper surface of a hot plate 107-10 Nu = 0.15Ra;
(or lower surface of a cold plate)
Hot surface /Ts
WWWW
A lp
(b) Lower surface of a hot plate
(or upper surface of a cold plate)
fﬁaccwﬁaawzﬁ
10%-1011 Nu = 0.27Ra}*

&
Ny r
Hot surface




Empirical correlations for the average Nusselt number for natural convection over surfaces

Vertical cylinder_

A vertical cylinder can be treated as a
vertical plate when

L
D= 35L
Gr}
Horizontal cylinder T, — |
Ra, = 1012 Nu = 4 0.6+ A
I( : \II [1+ (0.559/Pr)>1618/27
\ L J
i
o 0.589Raj*
Ra, = 1011 Nu = 2 4+ .
N - [1+ (0.469/Pr)216]42
(Pr=0.7)

13



Vertical Plates (g = constant)

The relations for isothermal plates in the table can also be used for plates
subjected to uniform heat flux, provided that the plate midpoint temperature T, ;>

is used for T in the evaluation of the film temperature, Rayleigh number, and the

Nusselt number. .
Ny = AL _ qsL ) — 4 A
U= = KT, — T.,) O = q,A;

Inclined Plates

In a hot plate in a cooler environment for
g Plate the lower surface of a hot plate, the
convection currents are weaker, and the
rate of heat transfer is lower relative to the
Boundary — yertical plate case.

ayer flow On the upper surface of a hot plate, the
thickness of the boundary layer and thus
the resistance to heat transfer decreases,
and the rate of heat transfer increases
relative to the vertical orientation.

In the case of a cold plate in a warmer
Natural convection flows on the environment, the opposite occurs.
upper and lower surfaces of an

inclined hot plate. 1



Horizontal Plates

Natural
convection
LI_II rents

UU»U

convection
currents

Natural convection flows on

the upper and lower surfaces
of a horizontal hot plate.

For a hot surface in a cooler
environment, the net force acts
upward, forcing the heated fluid to rise.

If the hot surface is facing upward, the
heated fluid rises freely, inducing
strong natural convection currents and
thus effective heat transfer.

But if the hot surface is facing
downward, the plate blocks the heated
fluid that tends to rise, impeding heat
transfer.

The opposite is true for a cold plate in
a warmer environment since the net
force (weight minus buoyancy force) in
this case acts downward, and the
cooled fluid near the plate tends to
descend.

15



Horizontal Cylinders and Spheres

[}

H
B lary
Il‘:ﬂ"*ﬂ::; JT Tl

N

|

\

Natural convection
flow over a
horizontal hot
cylinder.

|

|

The boundary layer over a hot horizontal
cylinder starts to develop at the bottom,
increasing in thickness along the
circumference, and forming a rising plume at
the top.

Therefore, the local Nusselt number is
highest at the bottom, and lowest at the top of
the cylinder when the boundary layer flow
remains laminar.

The opposite is true in the case of a cold
horizontal cylinder in a warmer medium, and
the boundary layer in this case starts to
develop at the top of the cylinder and ending
with a descending plume at the bottom.

16



9-19 A 10-m-long section of a 6-cm-diameter horizontal
hot-water pipe passes through a large room whose temperature
is 27°C. If the temperature and the emissivity of the outer sur-
face of the pipe are 73°C and 0.8, respectively, determine the
rate of heat loss from the pipe by (a) natural convection and
(b) radiation.

Properties The properties of air at 1 atm and the film temperature
of (Te+T.:)/2 = (73+27)/2 = 50°C are (Table A-15)

712 W O _ Pipe
k=0.02735 Wm.°C Air T = 730
v =1.798x10"> m?/s T,=27°C

Pr =0.7228
B = L . = 0.003096 K L=10m

T, (50+273)K
Analysis (a) The characteristic length in this case is the outer diameter of the pipe. L. =D =0.06 m. Then.

_gfT, -T.,)D° _ (9.81m/s%)(0.003096 K™)(73 27 K)(0.06 m)°

Ra Pr —— (0.7228) = 6.747x10°
y? (1.798x107° m?/s)
[ 1/6 12 [ 1/6 12
.387Ra"’ 0.387(6.747 x10° )Y
M:JG.6+ 0.387Ra” ~ % _Jos+ (6.747x107) % ~13.05
]_ [1+(0.559/Pr)"* ] | fi+(0.559/0.728)""]
735 W/m.°C .,
h=F py = Q02T WICC 5 65y _ 5950 Wim.oC
D 0.06m

A, =7aDL =7(0.06 m)(10m) = 1.885m?
O=hd, (T, -T,)=(5.950W/m*.°C)(1.885m?*)(73-27)°C = 516 W
(b) The radiation heat loss from the pipe is
0.0 =edo(*-T, " 17

=(0.8)(1.885m>)5.67x10® W/m?> K* 3[(?3+2?3 K)* —(27+273 K)‘*L 533 W



NATURAL CONVECTION FROM FINNED SURFACES AND PCBs

Fully The plates could be the fins of a finned heat
Lm..ch{,w T T sink, or the PCBs of an electronic device.
flow “~J8 | The plates can be approximated as being

isothermal (75 = constant) in the first case, and

[sothermal : :
o isoflux (g = constant) in the second case.

plate at T
N T T Boundary layers start to develop at the lower
L ends of opposing surfaces, and eventually

merge at the midplane if the plates are vertical
and sufficiently long. In this case, we will have
fully developed channel flow after the merger of
the boundary layers, and the natural convection
J \:._ flow is analyzed as channel flow.

But when the plates are short or the spacing is

Boundary

layer T

Ambient |« S - .
luid large, the boundary layers of opposing surfaces
T. never reach each other, and the natural
NEfrEl cermEeten Tla convection flow on a surface is not affected by
through a channel the presence of the opposing surface. In that
between two isothermal case, the problem should be analyzed as natural
vertical plates. convection from two independent plates in a

quiescent medium. 18



Natural Convection Cooling of Finned Surfaces (7, = constant)

Finned surfaces of various shapes, called heat sinks, are frequently used in the
cooling of electronic devices.

Energy dissipated by these devices is transferred to the heat sinks by conduction
and from the heat sinks to the ambient air by natural or forced convection,
depending on the power dissipation requirements.

Natural convection is the preferred mode of heat transfer since it involves no
moving parts, like the electronic components themselves.

Characteristic lengths

B(T, — T,)S* B(T, — T,)L e :
Ra = gh(T : Pr Ra, = 8h(T. : L by = Ra, L= Sfin spacing or
Z v 57 L fin height
. oy ) - —0.5

| "'+ o WS
(Ra¢S/L)*  (RagS/L)"

k

parallel plates

Widely spaced: Smaller surface area but
higher heat transfer coefficient

Closely packed: Higher surface area but
smaller heat transfer coefficient

@ ») There must be an opfimum spacing that

Heat sinks with (a) widely spaced and maximizes the natural convection heat
(b) closely packed fins. transfer from the heat sink.




When the fins are essentially isothermal and the fin thickness t is small relative
to the fin spacing S, the optimum fin spacing for a vertical heat sink is

) h _"-‘.L 0.25 L
= constant: S . =2. = 2.
T. = constant opt ] H(R;l_,) 714 Ra)™>
o N |
S = Sopt: Nu = T [.307
n= WIS+ 1= WIS -

- <
Q_ = h(2nLH)(T, — T.) f/\\mh,mm
~

All fluid properties are to be \\ Ouiescent
JUulesce
evaluated at the average air. T
temperature T,q = (Ts + T.,)/2. L
g
.f"jf
Various dimensions | NP
of a finned surface T:" \w “}”j“‘g
[ e
N

oriented vertically.



Natural Convection Cooling of Vertical PCBs (q, = constant)

Arrays of printed circuit boards used in electronic systems can often be modeled as
parallel plates subjected to uniform heat flux. The plate temperature in this case
increases with height, reaching a maximum at the upper edge of the board.

| 1sS* h,S . ) 5 =05
Rai = gﬁq{, Pr Nu, = - 41\ + - _h}l 04
kv~ ' k Ra%¥S/L ~ (RaiS/L)"
. : [ SHLY’?
g, = constant: Sopt = 2.12 (R:l*{-)

0 =g.A =g (nLH) )

n= WIS + t) = WIS number of plates

The critical surface T, that occurs at the

upper edge of the plates is determined from L
(}.\' = hL(TL o T’f) L

Q" T, l=s—F7
All fluid properties are to be Arrays of vertical printed
evaluated at the average circuit boards (PCBs) cooled

temperature Tayg = (Ts + T.)/2. by natural convection. 21



Mass Flow Rate through the Space between Plates

The magnitude of the natural convection heat transfer is directly related to
the mass flow rate of the fluid, which is established by the dynamic balance
of two opposing effects: buoyancy and friction.

The fins of a heat sink introduce both effects: inducing extra buoyancy as a
result of the elevated temperature of the fin surfaces and slowing down the
fluid by acting as an added obstacle on the flow path. As a result,
increasing the number of fins on a heat sink can either enhance or reduce
natural convection, depending on which effect is dominant.

The buoyancy-driven fluid flow rate is established at the point where these
two effects balance each other.

The friction force increases as more and more solid surfaces are
introduced, seriously disrupting fluid flow and heat transfer. Heat sinks with
closely spaced fins are not suitable for natural convection cooling.

When the heat sink involves widely spaced fins, the shroud does not
introduce a significant increase in resistance to flow, and the buoyancy
effects dominate. As a result, heat transfer by natural convection may

improve, and at a fixed power level the heat sink may run at a lower

temperature.
22



NATURAL CONVECTION INSIDE ENCLOSURES

Enclosures are frequently encountered in practice, and heat transfer through them
is of practical interest. In a vertical enclosure, the fluid adjacent to the hotter
surface rises and the fluid adjacent to the cooler one falls, setting off a rotationary
motion within the enclosure that enhances heat transfer through the enclosure.

oB(T, — T, V[ 3 L. charecteristic length: the distance between the hot

Ra, = ——— Pr and cold surfaces,
V T, and T,: the temperatures of the hot and cold surfaces
Light flud - “Hot
Cold e Hot Ra > 1708, natural ( Nu =1 {0
surtace ) L"urface  convection currents e _ _
\ Ra S 3)(105, turbulent {NL‘II fluid m{"}llf_"}l]}
~ fluid motion 8 :
"‘""“'Iﬂf'll*" _ . Heavy fluid “Cold
profile Fluid properties at
| o (a) Hot plate at the top
Tewg - {TI T TEJ"Q )
HL avy fluid [~ Lold
Convective currents =
. . /N l,/q NN
in a horizontal / " R L Y, N
~—— L— enclosure with (a) | {1l rHr IR
Convective currents in a hot plate at the top Lliwhl luid \ Ho

vertical rectangular
enclosure.

and (b) hot plate at
the bottom.

(b) Hot plate at the bottom



Effective Thermal Conductivity

: I — T, : I — 1,
Q - ’!‘r";\.a{ T] o TE ) = "{‘.N“‘jl.a L. h = kNu/L Ql:crnd = kA.'; L
Nu = 3 k., = kNu effectivg thermal
Hot ,  Cold Hot kg=3k Cold L conductivity
[ ./ N~y The fluid in an enclosure behaves like
f/‘ N a fluid whose thermal conductivity is
T f U kNu as a result of convection currents.
0=10W ]' 0=30w Nu=1, the effective thermal
e —— _H_i_. conductivity of the enclosure is equal
(No 1 to the conductivity of the fluid. This
motion) TI lr case corresponds to pure conduction.
t A\ /‘1/ Numerous correlations for the Nusselt
“ number exist. Simple power-law type
Pure Natural relations in the form of Nu = CRa”,
conduction convection where C and n are constants, are

A Nusselt number of 3 for an enclosure
indicates that heat transfer through the
enclosure by natural convection is three
times that by pure conduction.

sufficiently accurate, but they are
usually applicable to a narrow range of
Prandtl and Rayleigh numbers and
aspect ratios.



Horizontal Rectangular Enclosures
For horizontal enclosures that
contain air, These relations can

_ 1/3 _, 5 . , also be used for other gases with
Nu = 0.068Ra; 4 X 10° <Ra, <10 05<Pr<2.

Nu = 0.195Ra*  10* <Ra, <4 X 10°

Nu = 0.069Ra,” Pr007 3 X 100 <Ra, <7 X 107 Ei(l) r;’\:]adterrr]’eilcl:fl’c;’ne

+

)8
17081,

),
Ra;

Based on experiments with air. It may be used for liquids with
moderate Prandtl numbers for Ra; < 10°.

Nu=1 + L—H[I

Raj” R, = o LIronly positive
I8 U™ values to be used

0

T, >T, < When the hotter plate
b is at the top, Nu = 1.
L Fluid
A horizontal rectangular

\\___ 7, enclosure with
) H g isothermal surfaces. 25



Inclined Rectangular Enclosures

. T T 1.6 Rt Tk +
Nu = | 4 1,44{1 1708 } (1 _ 1708(sin 1.86) >+ (Rag cos O)'3 1}
I

Ra; cos @ Ra; cos 6 |8
Ra, < 10°,0 < 6 < 70°, and H/L = 12

Nll;= ol
Nu = Nu,_ (Nl.i q:) (sin B )"« e <f <@ HIL <12
=

Nu = Nu, _ gpe(sin )1 6 < # < 90°, any H/L

Nu =1+ (Nuy_gpe — 1)sinf 90° < 8 < 180°, any H/L

Critical angles for inclined
rectangular enclosures

Aspect ratio, Critical angle,
HIL 0.,
1 05° ly>1
3 53°
6 60°
}152 % An inclined rectangular enclosure -

with isothermal surfaces.



: | | < HIL <2
Vertical = 029
Nu = 0.18 & Ra;

e —— any Prandtl number
0.2 + Pr ’ 1
Eecrangular Ra; Pr/(0.2 + Pr) > 10~
nciosures
Pr 0.28/ pr\—1/4 2 <HIL <10
Nu = 0.22 (ﬁ R;li) (E) any Prandtl number
N Ra; < 10
T, T,
7\ 03 10 < H/IL <40
JK )) Nu = 0.42Ra}/* pr0012 (E) | <Pr<2X 104

[0* < Ra, < 107
0

| <H/L <40
Nu = 0.46Ra}"? | < Pr<20

T]:-‘?Tz 106<R3L< 109

A vertical rectangular
enclosure with

) 27
isothermal surfaces.




Concentric Cylinders

The rate of heat transfer through the ' Yk o
annular space between the cylinders (O = — et
by natural convection per unit length In(D,/D;)

(T, —T,) (W/m)

Kt o Pr W 1/
Characteristic length & U386 (().861 +pr) FenRaw)
— — D)/?2 i - 5 7
L. =D, = D)2 0.70 = Pr = 6000 and 10> < F,Ra; = 10’
Outer cylinder B [In(D, /D;)1*
/ at 7, Fey = L3(D735 4+ D735
R S - the geometric factor for
177N, concentric cylinders
Di Do {( \l|
w4 For F,yRa, <100, natural convection
B — currents are negligible and thus k. = k.
Note that k. cannot be less than k, and
[nner cylinder thus we should set ki = K if keiilk = 1.
al T, _ The fluid properties are evaluated at the
Two concentric horizontal average temperature of (T; + T,)/2.

isothermal cylinders.



Two concentric
isothermal spheres.

T Concentric Spheres

Characteristic length
Lcr — (Dr;r - DI)/2

: 7D.D, ,
_.;) — J!{t eff L { T T }r‘“} 1“"1\‘1 }
Kets , Pr 1
T (0,8@1 + Pr) (FygnRay)™

0.70 < Pr < 4200 and 10> < F;Ra;, < 10

L.
F_. = — —
sph (Di[)(>)4(Di_7/D + D;7/D)D

If ke [k <1, we should set k¢ = k.

29



Combined Natural Convection and Radiation

Gases are nearly transparent to radiation, and thus heat transfer through a

gas layer is by simultaneous convection (or conduction) and radiation.
Radiation is usually disregarded in forced convection problems, but it must be
considered in natural convection problems that involve a gas. This is especially
the case for surfaces with high emissivities.

Qtoml = QCO“" T Q‘"*‘d

Radiation heat transfer from a surface at temperature T surrounded by
surfaces at a temperature T, IS

S 4 a4 .. 0=5.67 x 108 W/m2.K4
Q"“d - ‘E’LTA-T( I Loin (W) Stefan—Boltzmann constant

Radiation heat transfer between two large parallel plates is

) TA(T] — T5)
Q. ., = — = & i
= rad l/((_:] _+_ l/((_:: — ] effective

cgA(Tt—T%) (W)

B | When T, < T; and Ty, > T, convection and
effective — | le, + /e, — 1 rgdiatjon heat transfers are in opposite
directions and subtracted from each other.

E



9-70 Two concentric spheres of diameters 15 cm and 25 cm
are separated by air at | atm pressure. The surface temperatures
of the two spheres enclosing the air are 7, = 350 K and 7, =
275 K, respectively. Determine the rate of heat transfer from
the inner sphere to the outer sphere by natural convection.

Properties The properties of air at 1 atm and the average temperature
of (T1+15)/2 = (350+275)/2 = 312.5 K= 39.5°C are (Table A-15)

k =0.02658 W/m.cC _
D,=25cm D;=15cm
L -5 20 _ =15

Pr = 0.7256 &
1 1

= =0.003200K™*
T, 3125K

Analysis The characteristic length in this case
1s determined from

Then.

T,-T,)L’ . 2)(0.003 1(350-275 05m)°
:g,B(l 5 )Lz Pr:(g 81m/s~)(0.003200 K ™)(350-275K)(0.05m) (0.7256) = 7.415x10°

Ra 5 R —
Ve (1.697x107° m~/s)~

w1



The effective thermal conductivity is
L. 0.05m

Fopn = p T - ——=0.005900
(0,0,)* (D, +D,7)  [(0.15m)0.25m]*(0.15m) 7 + (025 m) 7"
i pl Y 1/4 :
k o =0.74k F_, Ra)'*?
o ‘ 0.861+ Pr | (FopnRa)
0.7256 }'* Y

| [0.00590)(7.415410%) [ * =0.1315 Wim°C

=0.74(0.02658 ‘u‘»-"..-"'lll.‘}(.‘)" 0.86120.7256
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COMBINED NATURAL AND FORCED CONVECTION

Nu = (Nuf + Nu”

1/n
combined — forced — natural )

where Nuforced and Nunafural
are determined from the
correlations for
and
respectively.

convection,

-

Qconv = hAs( Ts o TJO)
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FIGURE 9-33

Natural convection can enhance or inhibit heat transfer, depending on the relative
directions of buoyancy-induced motion and the forced convection motion.
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Summary

Physical Mechanism of Natural Convection
Equation of Motion and the Grashof Number
Natural Convection Over Surfaces

v
v
v
v
v

Vertical Plates (T = constant), (g5 = constant)
Vertical Cylinders

Inclined Plates

Horizontal Plates

Horizontal Cylinders and Spheres

Natural Convection from Finned Surfaces and PCBs

v
v
v

Natural Convection Cooling of Finned Surfaces (T = constant)
Natural Convection Cooling of Vertical PCBs (g = constant)
Mass Flow Rate through the Space between Plates

Natural Convection Inside Enclosures

v

N N XX

Effective Thermal Conductivity

Horizontal Rectangular Enclosures

Inclined Rectangular Enclosures

Vertical Rectangular Enclosures

Concentric Cylinders and spheres
Combined Natural Convection and Radiation
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