Convection Heat Transfer

Reading Problems
10-1 — 10-7 10-22, 10-31, 10-33, 10-43, 10-49, 10-51, 10-55,
10-58, 10-83, 10-108,
11-1 — 11-2,11-4 11-18, 11-33, 11-55, 11-56

| ntroduction

e convection heat transfer is the transport mechanism made possible through the motion of
fluid

o fluid actsasacarrier or conveyor belt for the energy that it draws from (or deliversto) asolid
wall

o the types of flow arrangements and heat transfer configurations associated with convection
are extremely diverse including forced, natural and mixed convection for both internal and
external flow geometries

e in addition to these convection mechanisms, flow can be laminar or turbulent and fluids can
be single or multi-phase as in the case of boiling
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in convective heat transfer, the bulk fluid motion of the fluid plays a mgjor role in the over-
al energy transfer process. Therefore, knowledge of the velocity distribution near a solid
surface is essential.

the controlling equation for convection is Newton’'s Law of Cooling

Q —AT—hA(T Ts) o Ry =
conv — Rconv i w o0 conv — hA
where
A = total convective area, m?

h = heat transfer coefficient, W/(m? - K)
T,, = surfacetemperature, °C
T, = fluidtemperature, °C

the heat transfer coefficient, h is a complex parameter that depends on geometry, thermal
and fluid properties, fluid flow and boundary conditions

Factor s Affecting Convective Heat Transfer

Geometry: flat plate, circular cylinder, sphere, spheroids plus many other shapes. In addi-
tion to the general shape, size, aspect ratio (thin or thick) and orientation (vertical or
horizontal) play a significant role in convective heat transfer.

Typeof flow: forced, natural, mixed convection as well as laminar, turbulent and transi-
tional flows. These flows can also be considered as devel oping, fully devel oped, steady
or transient.

Boundary condition: (i) isothermal wall (T, = constant) or
(i) isoflux wall (q,, = constant)

Type of fluid: viscous oil, water, gases (air) or liquid metals.

Fluid properties: symbols and units
massdensity : p, (kg/m?®)
specific heat capacity : Cp, (J/kg - K)
dynamic viscosity : p, (N -s/m?)
kinematic viscosity : v, = u/p (m?/s)
thermal conductivity : k, (W/m - K)
therma diffusivity : o, =k/(p-C,) (m?/s)
Prandtl number : Pr, =v/a (——)
volumetric compressibility : 3, (1/K)
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All properties are temperature dependent and are usually determined at the film tem-
perature, Ty = (Top + Two) /2

External Flow: the flow engulfsthe body with which it interacts thermally
Internal Flow: the heat transfer surface surrounds and guides the convective stream
Forced Convection: flow isinduced by an external source such as a pump, compressor, fan, etc.

Natural Convection: flow is induced by natural means without the assistance of an external

mechanism. The flow is initiated by a change in the density of fluids incurred as a result
of heating.

Mixed Convection: combined forced and natural convection

The following table gives the range of heat transfer coefficient expected for different convection
mechanisms and fluid types.



Process

h [W/(m? - K)]

Natural
Convection

U

Forced
Convection
0 .
0® Boiling
0o
0 o
0
0
Condensation

-
-
-

gases3- 20
water 60 - 900

gases 30 - 300
0ils60 - 1 800
water 100 - 1 500

water 3 000 - 100 000

steam 3 000 - 100 000



Dimensionless Groups

In the study and analysis of convection processes it is common practice reduce the total number
of functional variables by forming dimensionless groups consisting of relevant thermophysical
properties, geometry, boundary and flow conditions.

Prandtl number: Pr = v/a where0 < Pr < oo (Pr — 0 for liquid metals and Pr —
oo for viscous oils). A measure of ratio between the diffusion of momentum to the diffusion
of heat.

Oils Pr =~ 103
Water Pr =5
Air Pr =~ 0.7

Liquid Metals Pr ~ 102

Reynoldsnumber: Re = pUL/u = UL /v (forced convection). A measure of the balance
between the inertial forces and the viscous forces.

Peclet number: Pe =UL/a = RePr
Grashof number: Gr = gB3(T,, — Ty)L?/v? (natural convection)
Rayleigh number: Ra = gB3(T, — Ty)L?/(ax - v) = GrPr

Nusselt number: Nu = hL/k; This can be considered as the dimensionless heat transfer
coefficient.

Stanton number: St = h/(UpC,) = Nu/(RePr)

Whilefor certain geometries, analytical solutionsare available, typically because of the complexity
of natural convection, empirical correlations based on experimental data are used.

e specific to geometry, boundary conditions, etc.

e We need a separate correlation for each configuration

Correlations consist of the dimensionless groups described above and are available for



fluid air, genera

flow type laminar, turbulent
geometry plate, cylinder, sphere
orientation vertical, horizontal, inclined

boundary condition isothermal (UWT), isoflux (UWF)




Forced Convection

The simplest forced convection configuration to consider is the flow of mass and heat near a flat
plate as shown below.
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fluid approaches the plate with a uniform velocity profile, U

we will assumethat at * = 0 the plate isinfinitely thin and the flow field will develop in a
steady, two-dimensional, laminar manner

flow forms thin layers that can slip past one another at different velocities

as Reynolds number increases the flow has a tendency to become more chaotic resulting in
disordered motion known as turbulent flow

— transition from laminar to turbulent is called the critical Reynolds number, Re..,

UOOmC’I‘

Re., =
v
— for flow over aflat plate Re., = 500, 000

— for engineering calculations, the transition region is usually neglected, so that the tran-
sition from laminar to turbulent flow occurs at a critical location from the leading edge,
mcr

— x < x., theboundary layer islaminar; x > x., the boundary layer is turbulent

Usx
waterat3m/s: —— = 500,000 = xz.=0.17m
14
: Usx
airat3m/s : X7 = 500,000 = T, =2.5m
v

o thethin layer immediately adjacent to the wall where viscous effects dominate is known as
the laminar sublayer



Boundary Layers
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Velocity Boundary L ayer

e theregion of fluid flow over the plate where viscous effects dominate is called the velocity
or hydrodynamic boundary layer

e the velocity at the surface of the plate, y = 0, is set to zero, Uay—0 = 0 m/s because of
the no dlip condition at the wall

¢ the velocity of the fluid progressively increases away from the wall until we reach approx-
imately 0.99 U, which is denoted as the 4, the velocity boundary layer thickness. Note:
99% isan arbitrarily selected value.

¢ the region beyond the velocity boundary layer is denoted as the inviscid flow region, where
frictional effects are negligible and the velocity remains relatively constant at U

Thermal Boundary Layer

¢ thethermal boundary layer is arbitrarily selected as the locus of points where

T-1T,

—— = 0.99
Too - Tw

e for low Prandtl number fluids, i.e. liquid metals, momentum diffuses much slower than heat
flow (remember Pr = v /«) and the velocity boundary layer is fully contained within the
thermal boundary layer

e conversely, for high Prandtl number fluids, i.e. oils, heat diffuses slower than the momentum
and the thermal boundary layer is contained with in the velocity boundary layer



Heat Transfer Coefficient
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Performing an energy balance over a control volume of width Az and height 67, as shown above
we obtain

Q'w + Qw == Qw—i—Aw = Q'w — QAQ: - Qconv

We should note that the heat transfer from the edge of the thermal boundary is zero because the
temperature at this point isinvariant in y and thereis no heat transfer in the y directionat y = d~.

From Newton’s law of cooling we know that
Qconv = hA(Tw - Too)

Since the velocity at the wall is zero (no slip condition) heat transfer at y = 0 is by conduction
only and from Fourier’s law of conduction the heat flux is

Qu = kA<8T>
w f ay Yo

Substituting into our energy balance we get



and the local heat transfer coefficient can be written as

" <6T>
"\ 8y y—

(Tw - TOO)

The average heat transfer coefficient is determined using the mean value theorem such that

1 L
hyy = —/ h(z) da
LJo

The energy leaving a differential element on the surface of the plate can be written as

6Qconv = Cjcon'u dA where dA = W dx

The local skin friction coefficient, Cy,,, is a dimensionless form of the wall shear stress, 7, o,
associated with resistance to flow at the wall.

Tw,x

1
ZoU?
2p°°

Ctaz =

The Nusselt number is a measure of the dimensionless heat transfer coefficient given as

Nu = f(Re, Pr)

While both the skin friction coefficient and the Nusselt number can be determine anaytically
through the conservations equations for mass, momentum and energy, it is beyond the scope of
this course. Instead we will use empirical correlations based on experimental datawhere

Cto = Ci-Re™

Nu, = C;-Re™.Pr"
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Flow Over Plates

To —

- aminar —— transition =— turbulent ——

X | | |

1. Laminar Boundary Layer Flow, | sothermal (UWT)

The local values of the skin friction and the Nusselt number are given as

B 0.664
he = Rel/?

Nu, = 0.332 Rel/? Pr'/3| = local, laminar, UWT, Pr > 0.6

where x is the distance from the leading edge of the plate.

The Stanton number is given as

Nu, hx h

Re, Pr pUx kS pUscCp
o k

k

If we multiply by Pr2/3

0.332 1/0664] 1
v Re, o

Pr3?/38t = = —Cso,
VRe, 2 g F

Pr2?/38t = Cy /2

e Note: the heat transfer coefficient is directly connected to the surface friction
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e thisrelation has a wide validity — well beyond the flat plate. It also is very nearly true for
turbulent flow

Average Skin Friction Coefficient
Using the mean value theorem
C Lot Cid
f - z /0 frz L

1 ,L0.664
— dx
L Jo Rel/?

0.664 L (Uoow> —1/2
dx
0

L v

L

L

—1/2
0.664 (Uoo> g1/
v

0

1.328 <UOOL>_1/2 _1.328

L v o Re}l/2

Average Heat Transfer Coefficient

Using the mean value theorem again

h, U 1/2
T _ 0.332< w) prl/3
k v
U\ /2
h, = 0.332( w) prl/3 "
124 xXr
1/2
UL k 1/2
h, = 0.332 prl/3 " (f)
v x \L
~——
Rey,
h, = [0.332Re!?>Pr'/3k/L]— —
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1 L

—/ hydx

LJo

—_—
hr

k

LY/2 | L

1 L
= O.333Re}:/2Pr1/3— l—/ zc_l/zdw]
0

_ 2k
hy = 0.332Re)/*Pr'/3 <T>

Nuy = 0.664Re,/>Pr'/3

N’U,L:

hpL
f

= 0.664 Re}/?

Prl/?| = average, laminar, UWT, Pr > 0.6

For low Prandtl numbers, i.e. liquid metals

Nu, = 0.565 Rel/? Prt/2

= local, laminar, UWT, Pr < 0.6

2. Turbulent Boundary Layer Flow, | sothermal (UWT)

Thelocal skin friction is given as

Cta

Tw

_0.0592

~ (1/2)pU% ~ Reb?

= local, turbulent, UWT, Pr > 0.6

As mentioned previously, we know that

Therefore

Cta
Pr2/38t = %

Pr?/3

Nug 1 <0.0592>

Re, Pr - 2 Re?-2
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and

Nu, = 0.0296 Re’® prl/3

Nuy = 0.037 Re}® Pr'/3

local, turbulent, UWT,
= 0.6 < Pr < 100, Re, > 500,000

average, turbulent, UWT,
= 0.6 < Pr <100, Re, > 500,000

3. Combined Laminar and Turbulent Boundary Layer Flow, | sothermal (UWT)

When (T, — To,) constant

1 L 1 Ter lam L tur
hL:E/O hdz = - /O h dm—l—/mcrhw da

hpL

average, turbulent, UWT,

Nup = = (0.037 Re%® — 871) Pr'/3| = 0.6 < Pr < 100, Re; > 500,000
k L

4. Laminar Boundary Layer Flow, Isoflux (UWF)

Nu, = 0.453 Rel/? Pr'/3

= local, laminar, UWF, Pr > 0.6

5. Turbulent Boundary Layer Flow, | soflux (UWF)

Nu, = 0.0308 Re’/5 Prt/3

= locdl, turbulent, UWF, Pr > 0.6
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Example: Theflow of hot engine oil over aflat plate

TOO, UOO
:: engine oil Q,, Tw
—

Given: T, =60°C, Uy, =2m/s, T, =20°C, L=5m
Find: @ per unit width of the plate

Solution: Assume steady state; width W = 1m
The film temperatureis

1 1
Ty = (Tw + Too) = (20 + 60) = 40°C

From Table A-18, for unused engine oil
p = 876 kg/m?
E = 0.144 W/(m - K)
v = 242 x 107°m?/s
Pr = 2870

The Reynolds number is

UoL  2m/s X 5m

— = 4.13 x 10* < Re.,. = 500,000
v 242 X 10~6m?2/s

RBL =

Therefore we are in the laminar regime over the entire length of the plate.
The Nusselt number is given as
haoL
f

Nuyp = — 0.664 Re)/*Pr'/?

15



and the average heat transfer coefficient is
k
h,, —= (E) 0.664 Re}/* pri/3

0.144 W/(m - K
= 5/( ) 0.664 x (4.13 x 10*)'/2 x 2870/3
m

= 55.2W/(m?- K)
The heat flow rateis
Q = hey W L(Ts —T.,)
= 552W/(m*-K) x (Imx5m) x (60—20)K

= 11,040 W
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Flow Over Cylinders and Spheres

1. Boundary Layer Flow Over Circular Cylinders, I sothermal (UWT)

The Churchill-Berstein (1977) correlation for the average Nusselt number for long (L /D > 100)
cylindersis

RBD
28200

5/874/5 average, UWT, Re < 107
) ] = 0< Pr<oo, Re-Pr > 0.2

Nup = S} + f(Pr) RelD/2 {1 + (

where ST, isthe diffusive term associated with Rep — 0 and is given as

S: = 0.3

and the Prandtl number functionis

B 0.62 Pr'/3
"~ [1+ (0.4/Pr)2/3]1/4

f(Pr)

All fluid propertiesareevaluated at Ty = (T + Too) /2.

2. Boundary Layer Flow Over Non-Circular Cylinders, I sothermal (UWT)

The empirical formulations of Zhukauskas and Jakob given in Table 10-3 are commonly used,
where

hD s y
Nup =~ o = C Re}) Pr /3| = seeTable 10-3 for conditions
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3. Boundary Layer Flow Over a Sphere, Isothermal (UWT)

For flow over an isothermal sphere of diameter D

average, UWT,
0.7 < Pr < 380

1/4
Nup = S% + 0.4 Rel{? + 0.06 Re%® Pro- (“’ﬁ> — 3.5 < Rep < 80,000
o

wherethe diffusivetermat Rep — 0 is

Sy =2

and the dynamic viscosity of the fluid in the bulk flow, p is based on T, and the dynamic
viscosity of the fluid at the surface, p.,,, isbased on T,,,. All other properties are based on T,

18



Example: Air flow acrossan electric wire

LT

air @ Tep & Uy, Po=1 atm

Given: T.. =275 K, D =1mm, T, = 325 K, % — 70 W/m, steady state

Find: Uy

Solution: Assumethat air isan ideal gas.

The film temperatureis

1 1
Ty = (Tw + Too) = (325 +275) = 300 K

From Table A-19:

k = 0.0261 W/(m - K)
v = 1.57x 107> m?/s
Pr = 0.712

From Newton’s law of cooling

Q=hA(T, — Tx)

where A = wDL. Therefore

Q/L 70 W/m

h == e
7aD(Ty — Ts) 7(1 x 10-3m)(325 — 275) K

= 445.6 W/(m? - K)

19



The Nusselt number is

hD  445.6 W/(m?- K) x 1073
E 0.261 W/(m - K)

Nup = = 17.07

From the Churchill=Bernstein correlation

N 0.3+ 0.62Re})’>Pr'/3 14 Rep \*/® 4/
u = .
b 28, 200

0.4\ 23"
1 -
[ +<Pr> ]

R 5/874/5
17.07 = 0.3 + 0.4862Re™? |1 4 [ 2P
b 28, 200

4/5
Rep 5/8
34.49 = ReX?|1
o |1+ 28, 200

oo

Rep =~ 990.0 =

v

v 1.57 X 107° m?/s
U = 990 (—) = 990 = 15.54m/s <
D 103 m

Note:

e for this flow, the frequency of vortex shedding behind the cylinder (wire) can be esti-
mated as 3.3 kH z which isin the audible range. Hence the name “the singing wire”.

e when T, isnot known, the properties cannot be evaluated. Then you have to assume a
T.,, vaueto start the calculation and in the end calculate T,,,. If these T, values do not
match, guess anew valuefor T, and iterate until convergence. Since the propertiesare
usually weak functions of temperature, typically one iteration is sufficient.
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Internal Flow

Lets consider fluid flow in aduct bounded by awall that is at a different temperature than the fluid.
For ssimplicity we will examine around tube of diameter D as shown below

laminar
X
- velocity B.L. turbulent
urbulen

/. /////I////////// /0000 //////“ /
— rL 0 (x)

> / =; |
\\ \\\\\\E\\\\\\\\\ \\\\\\\Y/ AN x=L
) o ,

4 y VvV V VY 3

hydrodynamic entry region hydrodynamically developed region

Thevelocity profile across the tube changesfrom U = 0 at the wall to amaximum value along the
center line. The average velocity, obtained by integrating this velocity profile, is called the mean
velocity and is given as

1
Um:—/ wdA —
A.JA.

™m

PmAc

where the area of the tubeis given as A. = wD?/4 and the fluid density, p,,, isevaluated at T%.

The Reynolds number is given as

U,.D

v

RBD =

For flow in atube:

Rep < 2300 laminar flow
2300 < Rep < 4000 transition to turbulent flow
Rep > 4000 turbulent flow

21



For engineering calculations, we typically assumethat Re., =~ 2300, therefore

< Re., laminar

Rep { > Re,, turbulent

Hydrodynamic (Velocity) Boundary L ayer

e the boundary layer, §, isinitiated at the entrance to the duct and grows as 12
e when the boundary layer grows to the tube radius, r, the boundary layers merge

— thisflow length is called the flow entrance length, L,
— 0 < x < L, isthe hydrodynamic entrance region
— L, < « < Listhefully developed region or hydrodynamically developed region

¢ the hydrodynamic boundary layer thickness can be approximated as

U,x —1/2 5x
v Re,

d0(x) = 5x <—

v

e the hydrodynamic entry length can be approximated as

L, =~ 0.05RepD (laminar flow)
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Thermal Boundary L ayer

X thermal B.L.
K / /
1 —X w7 ﬁ
D
M/ .
q
= AN
\ x=L
- L, -
thermal entry region thermally developed region

e the entering fluid has an initial temperatureof T; at * = 0
e heat transfer occurs between the duct wall and the fluid
e athermal entranceregion developsfrom0 < x < L,

e when the thermal boundary layers, §; merge at the thermal entry length L., the flow is
considered thermally fully developed

o thethermal entry length can be approximated as
L; = 0.05RepPrD (laminar flow)

e for turbulent flow L;, =~ L, =~ 10D

Wall Boundary Conditions

1. Uniform Wall Heat Flux: Thetotal heat transfer from the wall to the fluid stream can be de-
termined by performing an energy balance over the tube

dE.,

el Q — W + |m(h+ KE + PE);, — m(h + KE + PE)

if we assume:

e steady state — dE.,/dt =0
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e AKE=APFE — 0
e no work done on or by thetube, W = 0

e steady flow conditions, 11;, = 1o = ™
then the energy balance becomes

Q - qu — m(hout - hzn) — me(Tout - T!Ln)
Since the wall flux q., is uniform, the local mean temperature denoted as

GuwA
mC,

Tm,a: = A, +

will increase in alinear manner with respect to x.
The surface temperature can be determined from

o
T'w — dm —
+ h
¢ in the developing region where h is changing in a non linear manner, T, will also

changein anon linear manner

e inthefully developed region where h is constant, T, will increase in a linear manner
in proportion to T,

T dw
T=T,-T, =
T, ()
'Tm,out
Tn(X)
Tm,in'/
L, L x
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2. Isothermal Wall: Using Newton’'s law of cooling we can determine the average rate of heat
transfer to or from afluid flowing in atube

Q=hA (T, — T,,)
—_————

average AT

From an energy balance over a control volume in the fluid, we can determine
Q = mC,dT,,
Equating the two equations above we find

mCpdTy, = hA (Ty — Tpn)
—_———

average AT

By isolating the temperature terms and integrating we obtain

Ty — Tout hA
In|l———| = —
Tw - 117.71 me
where
A = surface area of the tube

h = average heat transfer coefficient
We can now determine the outlet temperature of the tube as
Touwt = Ty — (T — Tin) exp[—hA/(C))]

Because of the exponentia temperature decay within the tube, it is common to present the
mean temperature from inlet to outlet as alog mean temperature difference where

Q = hAAT,
Tout - T’L Tout - T’L
ATy, = =
In Tw - Tout lIl(ATout/ATin)
T, — T,

25



T
T, =constant
Tw . T,=T,-T
TW _ Tm(X) : e w m,out
AT, :
n \Tm(x) - exponential |
) Tm,in i
v l'_ X

1. Laminar Flow in Circular Tubes, I sothermal (UWT) and I soflux (UWF)

For laminar flow where Rep < 2300

| Nup = 3.66| = fully developed, laminar, UWT, L > L; & Ly,

| Nup = 4.36| = fully developed, laminar, UWF, L > L; & Ly,

developing laminar flow, UWT,

RenPrD\3 o 0.4 Pr > 0.5
o

For non-circular tubes the hydraulic diameter, D;, = 4A./P can be used in conjunction with
Table 10-4 to determine the Reynolds number and in turn the Nusselt number.

In all casesthe fluid properties are evaluated at the mean fluid temperature given as

1
Tmean == 5 (Tm,in + Tm,out)

except for u,, which is evaluated at the wall temperature, T,,.
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2. Turbulent Flow in Circular Tubes, I sothermal (UWT) and I soflux (UWF)

For turbulent flow where Rep > 2300 the Dittus-Bouler equation (Eg. 10-76) can be used

turbulent flow, UWT or UWF,
0.7 < Pr < 160
Rep > 2,300
n = 0.4 heating
Nup = 0.023 Re}® Pr™| = n = 0.3 cooling

For non-circular tubes, again we can use the hydraulic diameter, D;, = 4A./ P to determine both
the Reynolds and the Nusselt numbers.

In all casesthe fluid properties are evaluated at the mean fluid temperature given as

1
Tmean == 5 (Tm,in + Tm,out)
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Natural Convection
What Drives Natural Convection?
o fluid flow isdriven by the effects of buoyancy
¢ fluidstend to expand when heated and contract when cooled at constant pressure

o thereforeafluid layer adjacent to asurface will becomelighter if heated and heavier if cooled
by the surface

e alighter fluid will flow upward and a cooler fluid will flow downward

e asthe fluid sweeps the wall, heat transfer will occur in a similar manner to boundary layer
flow however in this case the bulk fluid is stationary as opposed to moving at a constant
velocity in the case of forced convection

Recall from forced convection that the flow behavior is determined by the Reynolds number. In
natural convection, we do not have a Reynolds number but we have an analogous dimensionless
group called the Grashof number

buouancy force  gB(Tw — Too) L3
’,‘ pr— N p—
viscous force v2

28



where
g = gravitationa acceleration, m/s?
B = volumetric expansion coefficient, 3 = 1/T (T isambient temp. in K)

T, = walltemperature, K

T.. = ambienttemperature, K
L = characteristic length, m
v = kinematic viscosity, m?/s

The volumetric expansion coefficient, 3, isused to express the variation of density of the fluid with
respect to temperature and is given as

1 /0op
o=, (a7),

29



Natural Convection Over Surfaces

o few genera purpose analytical models exist for natural convection
e there are many empirically based correlations specific to geometry and boundary conditions
e natural convection heat transfer depends on geometry and orientation

e the velocity and temperature profiles within a boundary layer formed on avertical platein a
stationary fluid looks as follows:

g
, !
|
/ / To:urbulent
? U Uo=0 4
? laminar
/ /_.
/ y

stationary fluid

e notethat unlike forced convection, the velocity at the edge of the boundary layer goesto zero
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Natural Convection Heat Transfer Correlations

The general form of the Nusselt number for natural convection is as follows:

Nu = f(Gr,Pr) = CRa™Pr" where Ra = Gr - Pr

e C depends on geometry, orientation, type of flow, boundary conditions and choice of char-
acteristic length.

e m depends on type of flow (laminar or turbulent)

e n depends on the type of fluid and type of flow

1. Laminar Flow Over a Vertical Plate, | sothermal (UWT)

The general form of the Nusselt number is given as

1/4 1/4
hC T, — T ) L3 v
Nu;, = -—— =C 98( ) - = C Gr/* pr/*
k 1/2 o —_——
f ~~ Ral/4
=Gr =Pr

where

g,B(Tw - T00)£’3

v

Ra, = Gr.Pr =

forgases3 =1/T, (1/K).
The correlation equation for UWT with a vertical plate and laminar flow is
average, UWT,

0<Pr<oo
= 10* < Gr, < 108

0.67 Ra/*
[1 + (0.5/Pr)9/16]4/9

N’l,l,g:

Other useful relations for UWT, laminar flow of air at aTy = 300 K and Ty = 350 K

T, — T, 1/4
4> a T;=300K

h = 5.48 (
LT,
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and

T, — T, 1/4
4> a Ty =350 K

h =5.45 (
LT,

Note the negligible difference in the coefficients for the two film temperatures.

We can then use Newton’s law of Cooling for avertical UWT plate to find the overall heat transfer

Tw _ 11<>o 1/4
—) LW (T, — Tso)

eons = RA(Ty, — Ts,) = 5.45
0 (T~ Toe) = 5.5 (2

2. Laminar Flow Over a Long Horizontal Circular Cylinder, | sothermal (UWT)

The general boundary layer correlation is

1/4 1/4
hD T, — Ts) D3 v
Nup = —=C 98( ) — :CGrg4Pr1/4
kf 1/2 & — —
=Gr =Pr RQ}DM
where

gﬁ(Tw - T00)£3

av

Rap = GrpPr =

andforideal gases8 = 1/To,, (1/K).

For a horizontal, isothermal (UWT) circular cylinder with air where Pr = 0.71

Rangeof Rap C n Flow Type

10 — 107 054 1/4 laminar

107 — 10" 015 1/3 turbulent

All fluid properties are evaluated at the film temperature, Ty = (T + Too) /2.
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Natural Convection From Plate Fin Heat Sinks

Plate fin heat sinks are often used in natural convection to increase the heat transfer surface are and
in turn reduce the boundary layer resistance

R
l_hAT

/ L 1;
\ e
\(t
s
>< ~ /\ quiescent air, T
T, S

For agiven baseplate area, W x L, two factors must be considered in the selection of the number
of fins

e more fins results in added surface area and reduced boundary layer resistance,

R L
l_hAT

e more fins results in a decrease fin spacing, S and in turn a decrease in the heat transfer
coefficient

R 1
T_hlA

A basic optimization of the fin spacing can be obtained as follows:

Q = hA(T, — Tw)
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where the fins are assumed to be isothermal and the surface areais 2n H L, with the area of thefin
edgesignored.

For isothermal finswitht < S

Sopt = 2.714 (Ra1/4>

with

T, — TooL?
_ 98( ) o
I/2

Ra

The corresponding value of the heat transfer coefficient is

h = 1.31k/Sop

All fluid properties are evaluated at the film temperature.



Example: Plate Fin Heat Sink

/ E g
/
I~ \<t
U
~ /\ quiescent air, T
T, S
Given:
W = 120mm = 24 mm
L = 18 mm t = 1mm
T, = 80°C T. = 25°C
P, = 1latm flud = air

Find: S, and the corresponding heat transfer, Q

Solution: Assume steady state, and that air isanideal gas= 3 = 1/T
The film temperatureis given as

1 1
Ty = §(Tw +Tw) = 5(80 4+ 25) =52.5°C = 325.5 K

From Table A-19 we find through interpolation
E = 0.0279 W/(m - K)

v = 1.82x107°m?/s

Pr = 0.709

8 — 11
T, 298K
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The Rayleigh number is

Ra

. 3
_ gﬁ(Tw OO)L Pr

2

and the optimum fin spacing

L
Sopt = 2.714 m

9.8 x (80 — 25) x 0.0183

— 4
298 x (1.82 x 10-5)2 X 0.709 = 2.258 x 10

0.018
= 2.714 = 0.004 m = 4.0 mm

(2.258 x 104)1/4

Since Sppt = 4.0 mm >t = 1 mm theassumption of t < S is satisfied.

The number of finsis given as

w

0.12m

The heat transfer coefficient is

h = 1.31(

opt

and the total heat transfer is

Q = hA(T, — Ts) =

Sopt -t (4.0 +1) x 10-3 m

k ) a1 <0.0279 W/(m - K)

~ 24fins

~9.14W/(m?*- K
4.0 X 10-3m ) /( )

h(2nLH)(T, — Ts)
9.14 X 2 X 24 X 0.018 X 0.024 X (80 — 25)

104 W
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