Heat and Mass Transfer
ME-341

Instructor: Giulia Tagliabue

Spring Semester




‘{ Introduction to Free Convection
‘{ Governing Equations of Free Convection

Grashof number and Rayleigh number

Learning Objectives:
Understand free convection

%erive the equation of free convection



Introduction to Convection

Convection refers to the heat transfer between a solid and a fluid in motion when they are at different temperatures.
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Convection refers to the heat transfer between a solid and a fluid in motion when they are at different temperatures.

Forced convection occurs when we can impose the initial velocity (or mass flow rate) and temperature of the fluid.

A solid is in contact with a fluid at a different temperature. Free convection occurs when temperature-driven

density changes result in a net-buoyancy force that sets the fluid in motion.

® The velocity and the temperature of the fluid are controlled by the heat exchange with the solid.

® Free (Natural) Convection



Free convection occurs when temperature-driven density changes result in a net-buoyancy force that sets the fluid in motion.

( FLUID DYNAMICS ] [ HEAT TRANSFER

Mass conservation — Continuity equation

Momentum conservation — Navier-Stokes equations Energy conservation — 1% Law of Thermodynamics

Flow condition (Laminar/turbulent) — Re Heal transfer includes advection! IIB)oundary Conditions (Temperature)
r
F Velocity profile: u(x,y) Temperature profile: T(x, y)

« Shearstress 7,, v

+ Friction coefficient C,
- f Temperature-driven fluid-motion!
* Friction factor f

No slip condition u(x,0) = 0 Transport Laws (Newton/Fourier)

Qconv = Qcond,wail h(Ts = Too) = —kp o=




Governing Equations
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Governing Equations - Grashof Numher
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Grashof number — replaces Re in free convection
problems (it accounts for thermal effects on the flow)

Rayleigh number — determines the flow conditions
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This Lecture

| Free Convection on a Vertical Plate

| Correlations for Free Convection

Learning Objectives:
(1 Calculate the convection coefficient for free convection



Free Convection on a Vertical Plate — Laminar Flow
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A solution to the equations can be obtained identifying a similarity parameter n and a
single-variable function £ (1) that are related via the streamline function Yi(x, y) :
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Free Convection on a Vertical Plate — Laminar Flow
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Free convection occurs when temperature-driven density changes result in a net-buoyancy force that sets the fluid in motion.

( FLUID DYNAMICS ] [ HEAT TRANSFER

Mass conservation — Continuity equation

Momentum conservation — Navier-Stokes equations Energy conservation — 1% Law of Thermodynamics

Flow condition (Laminar/turbulent) — Re Heat transfer includes advection! IIB)oundary Conditions (Heat flux/Temperature)
r
F Velocity profile: u(x,y) Temperature profile: T(x, y)

« Shearstress 7,, v

+ Friction coefficient C,
- f Temperature-driven fluid-motion!
* Friction factor f

No slip condition u(x,0) = 0 Transport Laws (Newton/Fourier)

Qconv = Qcond,wail h(Ts = Too) = —kp o=
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Free Convection on a Vertical Plate — Laminar Flow
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Free Convection on a Vertical Plate — Average h

boundary layer
v | Average coefficient (laminar and turbulent):
u(y)
} Quiescent
| Sl __ 0.387 Ral/®
Nu;, =10.825 + : L
. .p- g [1+ (0.492/Pr)%/16]8/27

g

(Ts + To)

Where we use T}c = >
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This Lecture
Free Convection on a Vertical Plate

| Correlations for Free Convection

Learning Objectives:
(1 Calculate the convection coefficient for free convection

14



Correlations for Natural Convection - External Flows

A. Horizontal Plates

Fluid, 7.,
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Upper Surface of Hot Plate or Lower Surface of Cold Plate:

Nu; = 0.54Ra/*  (10* = Ra; = 107)

Nu; = 0.15Ra° (10" = Ra; = 10"

Lower Surface of Hot Plate or Upper Surface of Cold Plate:

Nu, = 0.27Ray*  (10° < Ra, = 1019
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9.31)

9.32)
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Correlations for Natural Convection - External Flows

B. Long horizontal Cylinder
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This Lecture
J Free Convection on a Vertical Plate

Correlations for Free Convection

Learning Objectives:
(1 Calculate the convection coefficient for free convection

17



General methodology for calculating the convection coefficient

0. Identify the type of convection (Forced/External, Forced/Internal, Natural, Boiling/Condensation) [Conv]
1. Recognize the flow geometry (plate, cylinder, inner/outer flow etc.)
2. Specify the appropriate reference temperature and evaluate the pertinent fluid properties at that temperature 7,

3.  Calculate the Reynolds/Rayleigh number (be careful to use the right characteristic dimension - x, L, D — and velocity - u,,,, )
and determine the flow conditions (laminar/turbulent) [FLOW]

4. Decide whether a local or surface average coefficient is required [Loc/Ave]
5. Calculate Pr or get it from the table [Pr]

6.  Select the appropriate correlation, determine Nu and the convection coefficient [Nu, h]

18



Free Convection - Example

Consider a 0.25-m-long vertical plate that is at 70°C. The plate is suspended in
air that is at 25°C. Estimate the boundary layer thickness at the trailing edge of
the plate if the air is quiescent. How does this thickness compare with that
which would exist if the air were flowing over the plate at a free stream velocity of
5 m/s?

19



. | &
Free Convection - Example 1=025m—pq

Consider a 0.25-m-long vertical plate that is at 70°C. The plate is suspended in
air that is at 25°C. Estimate the boundary layer thickness at the trailing edge of t
the plate if the air is quiescent. How does this thickness compare with that

which would exist if the air were flowing over the plate at a free stream velocity of
5 m/s?

/rw.

[Conv]
a)  Free Convection (air is quiescent)
b)  Forced Convection (there is an externally imposed flow velocity)

Vertical plate

(Ts + Too) Properties: Table A4, air (T; = 320.5K): »=17.95 x 10" m%s, Pr= 0.7,
fET o ™ =T =312x 100K

[FLOW] | T A
a) Rayleigh wwp | Cr=—"—"——— we=) Ra, = Gr, Pr=468 x 10" < 10°

vV
b) Reynolds  9.8m/s X (3.12 X 107K (70 — 25)°C(0.25 m)®
(17.95 X 10" m%s)?

— 6.69 % 107 [ Laminar Flow ]
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i o §; f—
Free Convection - Examnlﬂ [=025m—-py
—L T.=70°C

Consider a 0.25-m-long vertical plate that is at 70°C. The plate is suspended in
air that is at 25°C. Estimate the boundary layer thickness at the trailing edge of t Bir T =25°C
the plate if the air is quiescent. How does this thickness compare with that X u,=0o0r5ms
which would exist if the air were flowing over the plate at a free stream velocity of L
5 m/s? N

0.7 ,

The boundary layer ends where f'(1)~0
0.6 1
Gy \*

S 05 Pr=07, B nz%(f) ~6 W 8 = y(Nyx=,~6)
&
S 04
SIS

0.3

f'm)

0.2

0.1

FLUID DYNAMICS

6L _ 6(0.25m)
(Gr/4)Y™  (1.67 x 107)¥

= (0.024 m

o
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Consider a 0.25-m-long vertical plate that is at 70°C. The plate is suspended in
air that is at 25°C. Estimate the boundary layer thickness at the trailing edge of
the plate if the air is quiescent. How does this thickness compare with that

which would exist if the air were flowing over the plate at a free stream velocity of
5 m/s?

[Conv]
a)  Free Convection (air is quiescent)
b)  Forced Convection (there is an externally imposed flow velocity)

|GEOM]: Vertical plate

(Ts + Ty) Properties: Table A4, air (T; = 320.5K): »=17.95 X 10
T B=T7'"=312x 107K,
[FLOW]
a) Rayleigh

L (5bm/s) X0.25m
Re, = =% = = 6.97 X 10*
) Reynolds m== | - KoL = = 1705 % 105 mis

L=025m- Ir
' T,=70°C

/rw.

 m¥s, Pr=0.1,

m— Re, <5-10° |

Laminar Flow
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Free Convection - Example L=025m-
L T.=70°C

Consider a 0.25-m-long vertical plate that is at 70°C. The plate is suspended in

air that is at 25°C. Estimate the boundary layer thickness at the trailing edge of T T =25°C

the plate if the air is quiescent. How does this thickness compare with that X Als u,=0o0r5ms
which would exist if the air were flowing over the plate at a free stream velocity of L

5 m/s?

For the laminar boundary layer over a plate we recall (W5L1 - slide 20)

g _ 492 » 5 - 5(0.25 m)

x ,/Rex RE'UZ (6.97 104)1/2 =0.0047m

Observe that the boundary layer thickness for free convection is much larger than for forced convection. This is often the case.
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This Lecture
"6/ Free Convection on a Vertical Plate

Correlations for Free Convection

Learning Objectives:
oi Calculate the convection coefficient for free convection

24
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Correlations for Natural Convection - External Flows

C. Inclined Plates

I>17,
o
I Quiescent
fluid
L.pe
I:buoyancy z
For a vertical plate, heated (or cooled) relative to an ambient fluid, the plate is
aligned with the gravitational vector, and the buoyancy force acts exclusively to
induce fluid motion in the upward (or downward) direction. However, if the plate is .
inclined with respect to gravity, the buoyancy force has a component normal, as L
well as parallel, to the plate surface. With a reduction in the buoyancy force parallel ne

to the surface, there is a reduction in fluid velocities along the plate, and one might
expect there to be an attendant reduction in convection heat transfer. Whether, in
fact, there is such a reduction depends on whether one is interested in heat transfer
from the top or bottom surface of the plate.

I:buoyancy
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Correlations for Natural Convection - External Flows

C. Inclined Plates

As shown in Figure 9.64, if the plate is cooled, the y component of the buoy-
ancy force, which is normal to the plate, acts to maintain the descending boundary
layer flow in contact with the top surface of the plate. Since the x component of the
gravitational acceleration is reduced to g cos 6, fluid velocities along the plate are
reduced and there is an attendant reduction in convection heat transfer to the top
surface. However, at the bottom surface, the y component of the buoyancy force
acts to move fluid from the surface, and boundary layer development is interrupted
by the discharge of parcels of cool fluid from the surface (Figure 9.64). The result-
ing flow is three-dimensional, and, as shown by the spanwise (zdirection) varia-
tions of Figure 9.6b, the cool fluid discharged from the bottom surface is
continuously replaced by the warmer ambient fluid. The displacement of cool
boundary layer fluid by the warmer ambient and the attendant reduction in the ther-
mal boundary layer thickness act to increase convection heat transfer to the bottom
surface. In fact, heat transfer enhancement due to the three-dimensional flow typi-
cally exceeds the reduction associated with the reduced x component of g, and the
combined effect is to increase heat transfer to the bottom surface. Similar trends
characterize a heated plate (Figure 9.6¢, d), and the three-dimensional flow is now
associated with the upper surface, from which parcels of warm fluid are discharged.

Break-up of the boundary layer enhances heat transfer!!

For 8<60° for the top and bottom surfaces of a cooling or heating
plate, respectively, use equation of vertical plate (slide 23) but with:

g' = gcosfO



Correlations for Natural Convection - Enclosures

D. Rectangular Cavities B
average temperature, 7'= (1, + 1,)/2.

a. Horizontal cavities (=0, T1> T2)

4
Ray= B0 TIL 1706 1708 < Ra; < 5 X 10%, Ra >5x 10
Turbulent flow
No onset of flow (only
conduction)
Na, = h—kL — 0.069RaS PO 3x10°<Ra, =T x 10°  (9.49)

Note: for 1= 180, no flow is created and only conduction occurs
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Correlations for Natural Convection - Enclosures

b. Vertical cavities (1= 90 )

Cooled —
surface,
L

1

Cellular
flow

—Heated
surface, 7}

In the vertical rectangular cavity (r = 90°), the vertical surfaces are heated and
cooled, while the horizontal surfaces are adiabatic. As shown in Figure 9.12, fluid
motion is characterized by a recirculating or cellular flow for which fluid ascends
along the hot wall and descends along the cold wall. For small Rayleigh num-
bers, Ra, < 10°, the buoyancy-driven flow is weak and heat transfer is primarily by
conduction across the fluid. Hence, from Fourier’s law, the Nusselt number is again
Nu; = 1. With increasing Rayleigh number, the cellular flow intensifies and becomes
concentrated in thin boundary layers adjoining the sidewalls. The core becomes
nearly stagnant, although additional cells can develop in the corners and the sidewall
boundary layers eventually undergo transition to turbulence. For aspect ratios in the
range 1 < (H/L) = 10, the following correlations have been suggested [26]:

— Pr 0.28 H —1/4
2=f<10
Pr=10°

10° < Ra; = 10"

Nu; =0.18 071 Pr

TN

_ 029
Ll{@) : ©.51)

l=2=<2

~l

10°< Pr=10°
s _ Ray Pr
0 =52+

mean temperature, (7; + T5)/2.

while for larger aspect ratios, the following correlations have been proposed [30]:

ws%sm

-0.3
N%z&&R#UW“%%) 1= Pr=2x 10* ©.52)
10" < Ra, < 107

1s%sm

Nu, = 0.046Ral? 1=Pr=20 (9.53)
10° < Ra, < 10°
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Correlations for Natural Convection - Enclosures

E. Concentric Cylinders

Free convection heat transfer in the annular space between /ong, horizontal concen-
tric cylinders (Figure 9.13) has been considered by Raithby and Hollands [37].
Flow in the annular region is characterized by two cells that are symmetric about
the vertical midplane. If the inner cylinder is heated and the outer cylinder is cooled
(T; > T), fluid ascends and descends along the inner and outer cylinders, respec-
tively. If 7, < T,, the cellular flows are reversed. The heat transfer rate (W) between

the two cylinders, each of length L, is expressed by Equation 3.27 (with an effective
thermal conductivity, k., replacing the molecular thermal conductivity, &) as

_ 2nlks (T~ T)
7= In(r,/r) Bty
We see that the effective conductivity of a fictitious stationary fluid will transfer the
same amount of heat as the actual moving fluid. The suggested correlation for k is

Ko _ g 386( P )" Ra (9.59)
k-9 oger ) N '

where the length scale in Ra, is given by

;- 2]

(1}7‘” + 1.;3/’5) 5/3

(9.60)

Equation 9.59 may be used for the range 0.7 = Pr = 6000 and Ra, = 10". Proper-
ties are evaluated at the mean temperature, 7, = (7, + T.)/2. Of course, the mini-
mum heat transfer rate between the cylinders cannot fall below the conduction
limit; therefore, kg = k if the value of k/k predicted by Equation 9.59 is less than
unity. A more detailed correlation, which accounts for cylinder eccentricity effects,
has been developed by Kuehn and Goldstein [38].

Flow pattern
> 1,

Inner cylinder,
5 I

Outer cylinder,
r, T,
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