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Heat transfer
EG60SME
Lab 1

Title: Heat Conduction

Objective

* 1) To investigate Fourier’s Law of linear conduction
- 2) To investigate the temperature profile and heat transfer in radial direction of a

cylinder
3) To investigate the effect of change in cross-sectional area on the temperature profile
4) To investigate conduction along a composite bar and evaluate the overall heat
transfer coefficient

5) To investigate the effect of insulation upon conduction of heat between adjacent
metals.

Introduction:

Conduction is a mode of heat transfer in which energy transfer takes place from high
temperature region to low temperature region when a temperature gradient exists in a
body. The basic law of conduction was established by Fourier. According to Fourier’s
law, heat flow by conduction in a certain direction 1s proportional to the area normal to
that direction and to the temperature gradient in that direction.
Q=-kA— Where Q = transferred heat

dx

k = thermal conductivity

A = area

dT/dx = temperature gradient
The minus sign in the equation above shows that heat flows in the direction of
decreasing temperature.

Thermal conductivity is the property of materials which shows heat conduction per
unit length of material per degree of temperature difference.

Heat is conducted in solids in two ways: transport of energy by free electrons and
lattice vibration. In good conductors, a large number of free electrons move about in
the lattice structure of the material which transport heat from high temperature region
to the low temperature region. The portion of energy transported by free electrons is
larger than that by lattice vibration. An increase in temperature causes increase in both
the lattice vibration and speed of free clectrons, but increased vibration of lattice
disturbs the movement of free electrons causing reduction in transport of energy by
free electrons which means the overall conduction is reduced. In insulators and alloys,

the transport of energy is mainly due to lattice vibration and an increase in temperature
increases conduction.




Relevant theory and equations

Conduction of Heat Along a Simple Bar

I.ct us consider Fourier’s law of conduction for the case of a simple bar with lateral
surface insulated as shown in Fig.1-1.

Insulated

Q Q

Fig.1-1 Fig.1-2
This is an approximation of one-dimensional conduction for a plane wall as shown in
Fig.1-2. For steady state condition, it is assumed that the power generated by an
clectrical heater enters at one end and leaves from the other end uniformly. Then the
thermal conductivity of the specimen can be determined as:
k(]):/?(n:-Q—--Ai w/mK (1)
AT

Where, Q is heater power,

k(t) mean value of thermal conductivity between T1 and T2

T = mean value of T1 and T2

Conduction of Heat in radial direction

If the ends of the cylinder are insulated and its inner and outer surfaces are at uniform
temperatures, then the heat flows in radial direction only.
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For this case, the heat transfer area is A = 2znrL. Then,

g = —27rrLk£1I——
{ dx
| Solving th e above eq uation for T(r),
l r
I'(ry=Ti - (Ii - To)—2 and, )
In %
i - 'To
Q =
! n

Effect of Area-Change in Heat Conduction

Let us consider step change in cross-sectional area as shown in Fig.1-4. According to

Fourier’s Law, A2
Al A3
dr
(=-kA—
dx
Figure 1-4

We know that heat flow rate for each section is the same. If conductivity is assumed
constant, then, o '

5) -l %), - (%)
dx/, dx/, dx/

A4 (dT/dx)z *)

A, (dT/dx)]

i.e. the temperature gradient is inversely proportional to the cross-sectional area.

Conduction Along Composite Bar

l.et us consider heat conduction along a composite bar. For a composite bar,

=k, —= =k 4
y Tk )
) U
o, % “ (I -1)U (5)
where, i -5 +52—+ % (6)
]k, k, k,
I

Figure 1-5 & \ T
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Kilect of Insulation on Heat Conduction

The study of effect of insulation on heat conduction between adjacent metals is very
important. The analysis is done in the similar fashion as in case of composite bar.

Laboratory Setup

Kquipment:

‘The equipment used in the above experiments is the Armfield Thermal Conduction
Apparatus (Fig.1-6) which consists of two electrically heated modules mounted on a
bonch support frame. One module contains multiple cylindrical metal bar arrangement
for a variety of linear conduction experiments and the other module consists of a disk
for radial profile studies. all test sections are equipped with an array of temperature
sonsors. Cooling water from laboratory tap is fed to one side of the test pieces in order
to maintain a steady temperature gradient.

An electrical console provides electrical power for heaters in the specimen and digital
readout of the temperature at selected points along the heat conduction path. The
temperature probes have a resolution of 0.1 degree Celsius. The power control circuit

provides a continuously variable electrical output of 0-80 watts with direct digital
readout with a resolution of 0.1 watt.

Safety Considerations

1) Do not exceed 100°C on the linear conduction apparatus.

2) After finishing the experiment, the specimen removed from the linear conduction
apparatus may be hot, be careful and handle with care.

3) A continuous flow of cooling water is necessary for the experiment, otherwise the
apparatus may get damaged.
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Laboratory Procedure:

Lab 1-1 Conduction of Heat Along a Simple Bar

| The equipment should be setup as shown in figure 1-7. Ask for your instructor’s
help.

2 Apply conducting compound at the metal interface in order to reduce thermal
contact resistance and install the specimen. When assembling the specimen between the
heater and the cooler, take care to match the shallow shoulders in the nylon housing.

). Ensure that the temperature measurement points are aligned along the longitudinal
axis of the unit. Make sure that the temperature sensor wires are connected correctly.
4. Turn the heater power control knob fully counter-clockwise then turn ON the heater
power. Make sure that the reading from the watt meter is zero. »

. Check the temperature readings from all the temperature probes. They should be
equal to room temperature. If they are not contact your instructor.

6. Gradually increase the heater power by turning the knob clockwise. Set the heater
power to 20W. Allow enough time to reach steady-state condition

7. Note the temperatures from all the probes by turning the selector switch.

8. Repeat the processes 6 and 7 for 15W and 10W.

9. After completing the experiment, reduce the heating power to zero, turn OFF the
heater power but let the cooling water run for some five more minutes to ensure that
the specimen is cooled down.

Qbservation Sheet:

Specimen material: Brass

Thermal conductivity of the specimen from tables:
Diameter of specimen: 25mm

Length of specimen: 30mm

Distance between temperature probes: 10mm

Test Results:

Test | Wattmeter | T1, T2, | T3 T7
No. watts, Q °C °C °C °C °C °C °C °C °C

[ 20
2 15
3 10

Plot the temperature profile along the length of the core. Determine the thermal
conductivity of the test specimen. Comment on the effect of increasing heater powery
on the thermal conductivity of the specimen. Compare the calculated thermal
conductivity with the published data and comment on the difference if any. Apply
proper conversion factor wherever necessary.




t.nb 1-2 Conduction of Heat in Radial Direction

Connect the temperature probes to radial apparatus as shown in Fig.1-8 and follow the
instructions below.

| Apply conducting compound at the metal inte.face in order to reduce thermal
contact resistance and install the specimen. When assembling the specimen between the
heater and the cooler, take care to match the shallow shoulders in the nylon housing,

2. Ensure that the temperature measurement points are aligned along the longitudinal
axis of the unit. Make sure that the temperature sensor wires are connected correctly.
3. Turn the heater power control knob fully counter-clockwise then turn ON the heater
power. Make sure that the reading from the watt meter is zero.

4. Check the temperature readings from all the temperature probes. They should be
equal to room temperature. If they are not contact your instructor.

5. Gradually increase the heater power by turning the knob clockwise. Set the heater
power to 20W. Allow enough time to reach steady-state condition

6. Note the temperatures from all the probes by turning the selector switch.

7. Repeat the processes 6 and 7 for 15W and 10W.

8. After completing the experiment, reduce the heating power to zero, turn OFF the
heater power but let the cooling water run for some five more minutes to ensure that
the specimen is cooled down.

Observation Sheet

Specimen material: Brass

Thermal conductivity of the specimen from tables:
Outer diameter of specimen: 110mm

Inner diameter of specimen: 8mm

Length of specimen: 3mm

Distance between temperature probes: 10mm

Test Results:

Test No | Wattmeter | T;,°C | T2,°C | T3,°C |T7,°C |T8,°C |T9°C
watts Q

1 20
15

3 10 '

Plot the temperature profile along the radius of the specimen and determine the
temperature at the outer radius from the plot. Use these data to determine the radial
heat conduction from equation (2) and compare with the measured heat input.
Comment on the difference if any. Apply proper conversion factor if necessary.

Comment on the difference between temperature distribution in the simple bar and the
disk.

6
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Laab 1-3 Effect of Area Change in Heat Conduction
Change the test specimen of linear conduction apparatus by a of smaller diameter
(13mm diameter). Ask your instructor for set up and follow the instructions below.

I The equipment should be setup as shown in figure 1-7. Ask for your instructor’s
help.

2. Apply conducting compound at the metal interface in order to reduce thermal

| contact resistance and install the specimen. When assembling the specimen between the

E heater and the cooler, take care to match the shallow shoulders in the nylon housing.

F ). Linsure that the temperature measurement points are aligned along the longitudinal

- axis of the unit. Make sure that the temperature sensor wires are connected correctly.

- 4. Turn the heater power control knob fully counter-clockwise then turn ON the heater

- power. Make sure that the reading from the watt meter 1s zero.

3. Check the temperature readings from all the temperature probes. They should be
squal to room temperature. If they are not contact your instructor.

$ 0. Gradually increase the heater power by turning the knob clockwise. Set the heater

B power to 20W. Allow enough time to reach steady-state condition

7. Note the temperatures from all the probes by turning the selector switch.

8. .Repeat the processes 6 and 7 for 15W and 10W.

9. After completing the experiment, reduce the heating power to zero, turn OFF the
heater power but let the cooling water run for some five more minutes to ensure that .
the specimen is cooled down. '

Observation Sheet

Specimen material: Brass

Thermal conductivity of the specimen from tables:
Diameter of specimen: 13mm

Length of specimen:30mm (temperature sensors not fitted)
Distance between temperature probes: 10mm

Test Results:

Test No | Wattmeter | T,,°C | T2,°C | T3,°C |T7,°C |T8,°C |T9°C
watts Q
] 20
2 5
J 10

Plot the temperature profile in the heater and cooler and extrapolate to the interface in
order to determine the temperature gradient across the reduced area of specimen.
Using this graph, determine the ratio of temperature gradient in heater/cooler to

gradient within the reduced area. Comment on the result and on any differences
between measured and calculated results. ’




l.ab 1-4 Conduction Along Composite Bar

Change the test specimen of linear conduction apparatus by a specimen-made of a
different material (steel in this case). Ask your instructor for set up and follow the
Instructions below.

| The equipment should be setup as shown in figure 1-7. Ask for instructor’s help.

2. Apply conducting compound at the metal interface in order to reduce thermal
contact resistance and install the specimen. When assembling the specimen between, the
heater and the cooler, take care to match the shallow shoulders in the nylon housing.
3. Ensure that the temperature measurement points are aligned along the longitudinal
axis of the unit. Make sure that the temperature sensor wires are connected correctly.
4. Turn the heater power control knob fully counter-clockwise then turn ON the heater
power. Make sure that the reading from the watt meter is zero.

S. Check the temperature readings from all the temperature probes. They should be
equal to room temperature. If they are not contact your instructor.

6. Gradually increase the heater power by turning the knob clockwise. Set the heater
power to 20W. Allow enough time to reach steady-state condition

7. Note the temperatures from all the probes by turning the selector switch.

8. .Repeat the processes 6 and 7 for 15W and 10W.

9. After completing the experiment, reduce the heating power to zero, turn OFF the
heater power but let the cooling water run for some five more minutes to ensure that
the specimen is cooled down.

b

Observation sheet

Specimen mate-ial: Steel

Thermal conductivity of the specimen from tables:
Diameter of specimen: 25mm

Length of specimen:30mm (temperature sensors not fitted)
Distance between temperature probes: 10mm

Test Results:

Test No | Wattmeter | T,,°C | T2,°C | T3,°C |T7,°C | T8,°C |T9°C
watts Q

| 20

2 15

3 10

>

Plot the temperature profile in the heater and cooler and extrapolate the curve to
determine the respective outer surface temperature and interface temperature. Use
these temperatures to determine the overall heat transfer coefficient using equation (5).
Compare this value with the value obtained using equation (6). Use published data to
determine thermal conductivity of heater and cooler material. Thermal conductivity of
specimen can be determined using the temperature gradient within the specimen and
cquation (1). What is the practical significance of overall heat transfer coefficient ?
What was the effect of varying input power on overall heat transfer coefficient ?




Lab 1-5 Lifect of Heat Insulation on Heat Conduction

Remove the test specimen from the linear conduction apparatus and put insulation
#peciimen (paper or cork) between the heater and the cooler. Do not smear conducting
gumpound on the interfaces. Then, follow the instructions below.

|. ‘The cquipment should be setup as shown in figure 1-7. Ask for your instructor’s
& holp.

: 2 Apply conducting compound at the metal interface in order to reduce thermal
gontact resistance and install the specimen. When assembling the specimen between the
heater and the cooler, take care to match the shallow shoulders in the nylon housing.

). Ensure that the temperature measurement points are aligned along the longitudinal
axis of the unit. Make sure that the temperature sensor wires are connected correctly.
4. Turn the heater power control knob fully counter-clockwise then turn ON the heater
power. Make sure that the reading from the watt meter is zero.

§. Check the temperature readings from all the temperature probes. They should be
equal to room temperature. If they are not contact your instructor.

6. Gradually increase the heater power by turning the knob clockwise. Set the heater
power to 20W. Allow enough time to reach steady-state condition

7. Note the temperatures from all the probes by turning the selector switch. -

8. Repeat the processes 6 and 7 for 15W and 10W.

9. After completing the experiment, reduce the heating power to zero, turn OFF the
heater power but let the cooling water run for some five more minutes to ensure that
the specimen is cooled down.

Note:

Using micrometer measure the thickness of the paper disc or cork disc before clamping
it between heater and cooler. Do not smear conducting compound between mating
faces of heater/cooler and insulation. set the heater power to 15 watts and allow time
to reach steady-state conditions. In the mean time, make sure that the temperature of
heater does not exceed 100 degrees Celsius. Then follow instructions 5,7, and 9 from
above.

1

Observation Sheelt

Specimen material: Paper or Cork

Thermal conductivity of the specimen from tables:
Diameter of specimen: 25mm

Length of specimen:

Distance between temperature probes: 10mm

Test Results:

Wattmeter T, °C T, °C Ts, °C T, °C Ts, °C Ty, °C
watts Q :

15

Plot the temperature profile in heater and cooler and extrapolate it to interfaces in
order to determine the temperature gradient across the insulating disc. Determine
thermal conductivity, compare with the published data and comment on the difference.



What is the effect of insulation on conduction of heat between the heater and cooler ?
How does a insulator inhibit conduction ? Suggest practical uses for insulating

matenials.
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EG 605 ME
Heat Transfer

Bale: et Convection

Byectives:

To learn the effect of surface temperature on heat transfer in free convection from
- vertical plate

- To demonstrate the effect of extended surfaces in heat transfer

To investigate the temperature distribution along the extended surface.

.: troduction

nvection is a mode of heat transfer in which energy exchange occurs between a surface
Id adjacent fluid when the temperatures of the surface and the fluid are different. If the
Id motion is artificially induced, the heat transfer is called forced convection and if it is
WMduced because of buoyancy effects caused by temperature difference in the fluid, the heat
Wransler is called free-convection. In the process of convection, the motion of fluid
\,.hﬂucnces the temperature field and determination of temperature distribution and of heat

gransfer becomes complicated. To simplify heat transfer calculations in such situations,
Newton's law of cooling is used:

q=h(Ty-Tp

Where T, and T are surface and fluid temperatures

h is heat transfer coefficient and

q 1s heat flux.
Depending on whether the heat transfer is free or forced convection, the calculation of
heat transfer coefficient depends on dimension less parameters such as Reynolds' Number,
Nusselt Number, Prandtl Number, Grashof Number, etc.. For free convection, h is a
function of Grashof and Prandtl numbers and for forced convection, h is a function of
Reynolds' and Prandtl numbers. These parameters are listed below.

= O.1m™
Uwl.  pUwl*Ux  inertial force Chas - L !

Re = = =—
v w(Uew/L)L  viscous force

Pr - B ulp v molecular diffusivit y of momentum
‘k  kilpc, « molecular diffusivit y of heat

13




/r/ hAT heat transfer by convection

Nu -
* kAI / L conguction across fluid layer of thickness L
@
Gr gBL(T, ~T1,) buoyancy force
W =

v? viscous force

average Nusselt number for free convection from a vertical plate at uniform surface
yerature can be correlated by the relation:

Nu = ¢ ( Gr Pr)" | (1)

B=(p/p- D/(Ts-T)
P = bulk fluid density
p = fluid density at temperature T

c=0.59,n=" if 10*<GnPr<10°
¢=01, n="4 if10°<GrPr< 10"

t transfer from an object can be increased by increasing the contact area between the
;"’U‘d and the object. In order to make the overall size compact, fins or pins are added to
the object to increase surface area. These features are called extended surfaces. The
#nalytical calculation'of heat transfer from extended surfaces is too involving unless the
ruined parameters are known Theretivte, in this expetiment, only the expetontal end
pesults will be compared.

Laboratory Setup
Kquipment

The equipment used in the above experiments is the Armfield Free and Forced convection
llcat Transfer apparatus which is shown in Fig 2-1. The apparatus consists of a vertical
tectangular duct supported by a bench mounted stand. A flat plate, pinned and finned
oxchanger may be installed in the duct and secured by a quick release catch on each side.
lor forced convection purposes, and upward flow of air may be generated in the duct with
n variable speed fan mounted on the top. A thermistor probe is used to measure in-going
and out-going air temperature as well as surface temperature of exchanger pins and fins.
These temperatures are determined by inserting the probe through access holes in the duct
wall. Air velocity is measured with a portable anemometer mounted on the duct. An

14



#lectiic console is used for supplying power to heaters which incorporates variable
tamlormer. The power supplied to exchanger as well as temperature are digitally
dicated. The temperature readout has a resolution of 0.1 degree Celsius. A variable DC

Wpply is provided for the fan. Power is supplied to the equipment by the lead connected
440 the rear of the console.

El.lfﬂy Consideration:

!

Do not excee ! the given power level
The specimen may be hot after removing from the equipment. Handle with care.

@doratory Procedure

f' b 2-1 Effect of Surface Temperature on Feat transfer in free convection
' from vertical plate

The equipment should be set up as shown in figure 2-2. Ask for your instructors' help.
Place the flat plate exchanger into the duct ‘

# Turn the heater power control knob fully counter-clockwise then turn ON the heater
1 power

F Record the ambient air temperature

8ot the heater power to 75 watts. Allow the temperature to rise to about 80 °C, then
P adjust the heater power to 20 watts and wait until the steady reading is obtained.

B Record the hot plate temperature

Repeat process 5 and 6 for 30 watts power level.
ervation Sheet

Amblont air temperature tA =

ul Power, W Heater temp. tH °C tH-tA°C

Comment on the difference in (tH - tA) at different power levels. At which power level is
Ihe heat transfer high ? What makes you think so ? Confirm your conclusion using eq. 1.

15
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Lah )3 Effect of Extended Surfaces on Heat Transfer

|m ¢ the flat plate exchanger in the duct by finned exchanger ([15 2-2)-
y the finned exchanger into the duct

the heater power control knob fully counter-clockwise then turn ON the heater
we!

potd the ambient air temperature

the heater power to 75 watts. Allow the temperature to rise to about 80 °C, then
{ the heater power to 20 watts and wait until the steady reading is obtained.

prd the hot plate temperature

I the (an speed control to give 1 nv/s using thermal anemometer

rd hot-surface temperature

t the above process for 1.5 m/s and 2 m/s air velocities

ace finned exchanger by pinned exchanger and repeat the above process again.

t

} atlon Sheet

M air temperature =
dwor =20 W

Boity /s Heater temp. tH, °C tH - tA, °C

graph of (tH-tA) vs. air velocity. What conclusions can you make regarding

gof air velocity ? Which of the two (finned and pinned) surfaces has a better
nce ? Why ?

bavvan now o Re < {o%
Ny = 0.0c4R"% R

16



Lab 2-3 Investigation of T'emperature distribution along the extended surfaces

I) Measure from the back plate, the distances of 3 access holes on the pinned exchanger

2) Place pinned exchanger in the duct (fig 2-2)

V) Set the heater power to 60 watts and allow time to achieve steady state

4) Note ambient air temperature

$) Note base plate temperature

0) Insert the thermometer probe into the duct through the hole nearest the heated plate
ensuring that the tip of probe is in contact with the pin. A small amount of conduction
compound can be applied on the tip

7) Note this temperature t1. Record the pin temperatures t2 and t3 using the remaining
two holes. Repeat this procedure at 1 m/s and 2 m/s air velocities.

Observation Sheet

Ambient air temperature =
Power input =

Distance of the nearest hole =
Distance of the middle hole =
Distance of the farthest hole =

Air Velocity nv/s 11, °C 12, °C 13, °C

0

2

Plot graphs of surface temperature against distance from back plate for the two heat
exchangers at various air velocities. Comment on the graphs. What can you say about the
cffectiveness of the exchangers ? Which is the better extended surface based on the
temperature distribution ?

17
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EG 605 ME
[leat Transfer
1
lab3

: *Illc: Heat Radiation

§ Objective

&) To investigate Stefan-Boltzmann relationship
£3) Todetermine the emissivity of different surfaces
£J)) To demonstrate the effect of view factor on radiation heat transfer.

{roduction:

hermal radiation is a mode of heat transfer which differs significantly from conduction
d convection in that it does not require any medium for energy transfer. The energy is
$ransferred from one surface to another surface by means of electromagnetic waves.

fltefan-Boltzmann law states that the intensity of radiation varies as the fourth power of
Ihe source temperature. '

L by =o(T7 - 1))
!

Where E, = energy emitted by a black body surface, W/m’
T, and T, = absolute temperatures of the surfaces, K
o = Stefan-Boltzmann constant, 5.67x10® W/m’K*

A black body is the one which absorbs all the radiation incident upon it and is also a
perfect emitter, where as other bodies can not absorb all the incident radiation or emit
perfectly. There exists a fixed ratio of energy emitted by a black body and other bodies at
any source temperature. If we know black body temperature and sorrounding
lemperature, we can calculate the energy emitted by a black body. The energy absorbed by
the other body can be measured with the help of instruments. The ratio of these two

values of energy must be same at any source temperature. If so, the Stefan-Boltzmann law
in satisfied.

I'missivity of a material affects radiation heat transfer. Since emissivity function is always
less than unity for materials other than black body, the heat emission is always less than
lom black body for such materials. Similarly, view factor also affects radiative heat

20




EG 605 ME

Ileat Transfer
t,
lab3

< Witle: Heat Radiation

§ Objective

1 §1) To investigate Stefan-Boltzmann relationship
83) Todetermine the emissivity of different surfaces
&J) To demonstrate the effect of view factor on radiation heat transfer.

ptroduction:

Thermal radiation is a mode of heat transfer which differs significantly from conduction

d convection in that it does not require any medium for energy transfer. The energy is
Btansferred from one surface to another surface by means of electromagnetic waves.

tefan-Boltzmann law states that the intensity of radiation varies as the fourth power of
Bhe source temperature.

t, I, =ol*

{ If two surfaces are participating in radiation,

| &= o - 1)

tx
Where E, = energy emitted by a black body surface, W/m®

T, and T, = absolute temperatures of the surfaces, K
o = Stefan-Boltzmann constant, 5.67x10® W/m’K*

A black body is the one which absorbs all the radiation incident upon it and is also a
perfect emitter, where as other bodies can not absorb all the incident radiation or emit
perfectly. There exists a fixed ratio of energy emitted by a black body and other bodies at
any source temperature. If we know black body temperature and sorrounding
temperature, we can calculate the energy emitted by a black body. The energy absorbed by
the other body can be mecasured with the help of instruments. The ratio of these two

values of energy must be same at any source temperature. If so, the Stefan-Boltzmann law
In satisfied.

I'missivity of a material affects radiation heat transfer. Since emissivity function is always
less than unity for materials other than black body, the heat emission is always less than
flom black body for such materials. Similarly, view factor also affects radiative heat
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Wamler View factor also has a maximum value of unity. The larger this factor the larger is
{he 1adiation heat transfer between two bodies.

taboratory Procedure:

Lab 3-1 Investigation of Stephan-Boltzman Relationship

) The equipment should be set up as shown in fig 3-1. Your instructors will help to

fetup the equipment.

heater

ervation Sheet

Po(14273)K
pe 567 x 10° W/m’K*

P} Place the radio meter at a distance of 110 mm from the heat source
#) Place the black plate at a distance of 50 mm from the heat source
Do not open the radiometer cover until the black plate temperature stabilizes

Rocord the temperature reading and radiometer reading at ambicnt condition

Increase the temperature through selected increments and record both ambient
temperature and radiometer reading

§) Turn the heater power control knob fully counter clockwise and then turn ON the

{ Jource  temp, | Ambient
Ta, K

temp,

Radiometer

reading,(R)
W/m?

Ky = ol -1

V/m?

B = LyR

f\avo -
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(‘ompare calculated values of B and comment on it. Are they equal ? Should they be
#junl? Are they comparable if not equal ? What could be the reason if not equal ?




Y J-2 Determining Emissivity of Different Surfaces

Replace the black plate by the polished plate in the carrier

Vary the power through selected increments and record metal plate temperature and
fadiometer reading

Repont the procedure for silver anodized plate and black plate

s

rvation Sheet

| each plate

ont temperature TA =
Mo 8 from lat 3-1 =

temp, | Ambient temp, | Radiometer E, =jXR/@ B L,
Ta, K reading, W/m’ ek €= m

me € =1 for black plate.
ment on the values of € for anodized plate and polished plate.
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Lah 3-) Investigation of Effect of View Factor on Radiation Heat Transfer

Placo radiometer at a distance of 300 mm from heat source

Mace aperture plate at a distance of 200mm from heat source

ek plate should be at SO mum from the heat source

Allown the black plate temperature to stabilize at a given power level and record
radiometer reading

Bot the aperture from 60 mm to O in steps of Smm. Make sure that the plates are
squanlly spaced from the center and are securely clamped vertically.

rvation Sheet

Comment on the relation between aperture size and radiometer reading. Draw a graph of
Radiometer reading vs. aperture size.
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\‘ EG 605 ME
‘ Heat Transfer

tle: Concentric Tube Heat Exchanger

Bbjective:

» objective of this experiment is:

to study the working principle of parallel flow heat exchanger

to study the working principle of counter flow heat exchanger

to study effect of fluid temperatures on counter flow heat exchanger performance
to study effect of fluid flow rates on counter flow heat exchanger performance

troduction

t exchangers are usually classified according to the configuration of fluid flow paths

rough the heat exchanger and according to their construction. According to fluid flow
ths, heat exchangers are classified as:

parallel flow heat exchanger
- counter flow heat exchanger, and
cross flow heat exchanger

parallel flow heat exchangers, both the hot and cold fluids flow in the same direction. In
nter flow heat exchangers, the flow of two fluids in mutually opposite direction and in
poss flow heat exchangers, the flow of two fluids is in mutually perpendicular direction.
Joat cxchangers may be constructed in various designs with the above mentioned flow
nfigurations. Concentric tube heat exchanger is one of such designs in which one fluid

Pws through outer tube and the other flows through the inner concentric tube as shown
B Ngure

Fho flow of fluids can be either in same direction or in opposite direction (i.e. parallel or
vounter flow of fluids). Concentric tube heat exchangers are usually used for liquids only.
I the difference in heat transfer coefficients of the two fluids is too large (as in the case of
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ali and water), this type of heat exchanger is not used since the heat transfer area is not
lwige

Relevaut Equations:

Ascording to the laws of thermodynamics, the heat given off by the hot fluid must be
OQual to heat gained by cold fluid if there are no losses.

m,c,At, =q=mc Al (1

Where, m = mass (kg)

C = sp. licat (ki/kg.K)

At = temperature difference, (K)

subscripts ¢ and h = cold and hot respectively
B oquation (1) it is obvious that if mec. > mycy then, Aty > At., i.e, the fluid with
Mum value of (mc) has to undergo a larger temperature change At otherwise energy
Bnce will be violated. This means the maximum possible heat transfer is always given by
) product of minimum (mc) and maximum temperature difference in the heat exchanger.
#ffectiveness of heat exchanger is given by :

.= actual heat transfer _mc Al or(mc,Al,) 2)
maximum possible heat transfer (MC Y inll = 12)
Gy
‘~ g mycCy,
leo
ny,Cy,
[lm lho
/ 1k
n.C,
‘“ m.C. lm
¢ , C L
Parallel flow arrangement Counter flow arrangement

I oider 1o simplify heat transfer analysis for heat ekchangers, log mean temperature
ity ence s introduced which is also denoted by LMTD. It is given by,




B! Liansier in the heat exchanger can then be given by:
B AL(IMID) (4)

e, A ~ heat transfer area
U = Overall heat transfer coefficient

@ of the four quantities in equation (4) are known, the other one can be easily

Y setup:

Ment used for this lab is the 'concentric tube heat exchanger made by P.A. Hilton
Bulpment is shown in figure 4-1.

fof hot water at a temperature up to 80 °C is maintained in a storage tank (1) at
k the apparatus by two heating elements (2). The temperature of the water is
“ by a sensor (4) adjacent to the tank outlet. The controller is mounted on the
el (9). Water is continuously recirculated through the tank by a pump (6) and
B) within the tank assist in mixing to promote a consistent temperature at the tank

for the exchanger is taken from the pump discharge and passes through the
e of the concentric tube arrangement (13) before returning to the tank for
g Flow through this circuit is regulated by a control valve (18) and indicated on a
Bter (19). Thermometers (15) and (17) installed at the inlet and outlet of the
f o ot water circutt indicate respective water temperatures. A thermometer (10)
B¢ in the top branch of the exchanger indicates the temperature of the water in the
e circuit at the mid-point of the circuit.

ator for the exchanger is supplied from an external source to the outer annulus of
centric tube arrangement via an inlet (21) and valve arrangement (16). Flow
this circuit is regulated by a control valve (20) and indicated on a flowmeter (23).
B heating in the exchanger the cold water leaves via an outlet (22). Temperatures
PUgh the cold water circuit are indicated on three thermometers (12 and 14) , parallel
gounter flow configurations may be obtained by appropriate setting of the valeves (16).
Mven (1 1) at the top of the exchanger permit air to be bied from the system and facilitate
@timge There is a drain valve (24) which permits the storage tank to be drained.
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Safety considerations:

1) Make sure that the water at the outlet is properly drained to avoid spillage of water on
the floor.

2) Make sure that the valves are opened/closed properly to set the required path of water.

3) Do not touch the hot water tank on the back of the equipment to avoid burns.

Laboratory Procedure:

1) Remove the cover of the water storage tank on the back of the equipment and fill the
tank with clean water to within 75 mm of the top (the vent hole in the right hand
return pipe should remain exposed).

2) Connect the cold water inlet to source of cold water using flexible tubing.

3) Connect the cold water outlet to a suitable drain using flexible pipe.

4) Set the selector valves for parallel or counter flow arrangemnets.

5) Connect the electrical mains lead to fused mains supply and switch ON.

6) Close the vent valve at the top of heat exchanger after venting it.

7) Press the setpoint membrane key of the temperature controller to view the setpoint.
While pressing the setpoint key press the 'lower' or 'raise' key to set the temperature at
65 °C.

8) Allow time for the water to reach the setpoint.

9) Set the required flow rate by turning the valves before cold/hot water flow meters.

10) Take readings of temperatures at inlet, mid point and outlet of cold and hot water.

11) Turn the mains switch OFF.

12) Shut down the cold water supply.

13) Let the cold water drain completely.

Observation Sheet:

Useful data:
Tube outer diameter = 15 x 0.7 mm
Shell outer diameter = 22 x 0.9 mm
Insulation thickness = 20 mm
Heat transfer area = 0.067 m’

| 1. Parallel and Counter flow heat exchanger characteristics:
Qc Qh t, ’C | tmit. 'C [ 100,°C [ ,°C [ towa,'C | 10, °C |
(LPM) | (@P™M) | | 1 \
Parallel | | 2 65 - w3 2 T " ko £y
Counte | ] 2 65 Lo —~~ - . py
. ~ =) ) ) -~ S

r

Draw temperature vs. Length graph for both arrangements. Calculate Cmin, Cmax,
effectiveness, and U factor. Comment on the results.
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2.

Water temperature variation in Counter flow heat exchanger

Qc Qh | tw, 'C thmid, C | the, 'C tei, C temids 'C | teo, 'C
(LPM) | (LPM) -

1 2 150

1 2 55

1 2 60

1 2 65

Draw temperature vs. Length graph. Calculate Cmin, Cmax, effectiveness, and U factor
for the cases of lowest and highest temperatures of hot water. Comment on the results.

3. Water flow rate variation in Counter flow heat exchanger

Qc Qh thi, 'C tids “C | o, C tei, 'C tamids C | teo, C
(LPM) (LPM) B

2 1 05

2 2 65

2 3 63

2 4 65

Draw temperature vs.

Length graph. Calculate Cmin, Cmax, effectiveness, and U factor
for the cases of lowest and highest flow rates of hot water. Comment on the results.
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It is very difficult to analytically solve convective heat transfer problems and almost all
problems are solved using experimentally establishea empirical correlations. Some of
commonly used empirical correlations for flow across cylinders are as follows.

Raithby and Eckert correlation

Nu = C, Re®? (1)

For air and 5000<Re<50000, C, = 0.148; C, = 0.633
Hilpert correlation

Nu = C Re" Pr'? (2)

For air and 4000<Re<4QOOO, C=0193;n=0618

Eckert and Drake correlation

Nu = 0.25 Re” Pr'*, For air and 1000< Re <200000 (3)

From Newton’s law of cooling, we know that the rate of transmission of heat from
element (cylinder) to air is given by:

q=hA(T- Ty @)

In a period of time dt, the fall in temperature dT is given by:

-qdt=mc dT &)
From eq. 4 and 5, eliminating q,
—-dr hA
=l (6)
(r-1,) me

Where,

T = cylinder surface temperature, K

T= air temperature, K

A = effective surface area of cylinder, m

h = convective heat transfer coefficient, W/m’K

m = mass of cylinder, kg

¢ = sp. heat of cylinder material (i.e. copper), J/kg K

Integrating equation 6, we get,
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h
(7~ 7,) - In(Z, - T,)=-"20 (7)
mc

. Where, Ty = temperature of cylinder at time t =0

It is obvious that equation 7 is a linear equation and it suggests that a plot of In(T-Tx)
against t should yield a straight line of slope -(hA/mc) and since the other factors in this
expression are known, the heat transfer coefficient h may be calculated. In practice, it is
more convenient to plot log,e (T-Tx) vs. t. Since, In N = 2.3026 log;o N, the heat transfer
cocfficient is related to the slope M of this line by the expression:

h= —2‘3026%51\/1 (8)

The velocity of air is calculated from the velocity head upstream which is given by:

H,
/)/1

V, =2373

(m/s)  (9)

Where,
H = velocity head in cm of H,0
pa = ambient pressure, N/m’
Ta = absolute temperature, K

The velocity passing through the cylinder is then given by:

V (10)

Where,
D = diameter of air flow channel, m
d = diameter of cylinder, m

Laboratory Setup

The apparatus used for this lab is Plint and Partners’ ‘Cross-flow heat exchanger” intended
for the study of heat transfer phenomena associated with flow past cylindrical tubes
arranged either in isolation or in banks of various configurations.

The apparatus consists of a transparent perspex working section through air may be drawn
by a centrifugal fan. Perspex rods may be inserted into the working section with their axes
at right angles to the direction of flow, thus simulating a typical cross flow heat exchanger.

One of the spaces provided in the working section for the rods is occupied by an element

consisting of a rod of pure copper approximately 10 cm in length carried between tow
extension rods of fabric-based plastic compound. Arrangements are made for heating this
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copper element in isolation from the working section, replacing it in the section and tlipn
recording, its rate of cooling as indicated by a thermocouple embedded at its center. A
semi-logarithmic plot of rate of cooling together with a knowledge of the

thermal capacity and surface area of the copper then permits a direct calculation of the
heat transfer coefficient between the copper element and the air flowing past it. The other
spaces provided are used to simulate a tube bank using dummy perspex rods.

The element is heated by withdrawing it from the working section and placing 1t in a
cylindrical electric heater. The heater is supplied with current at a low voltage which can
raise the temperature of the element to a maximum of 80°C. The element temperature is
indicated by a chart recorder. The chart recorder records the temperature difference
between the hot junction embedded in the element and a cold junction in the air stream at
the inlet to the working section. The initial temperature of the air is indicated by a
mercury-in-glass thermometer at the air inlet.

A centrifugal fan draws the air through the bellmouth, After the working section, the air
enters the honeycomb flow-straightner intended to prevent the transmission of swirl from
the fan to working section. The fan discharges to a graduated throttle valve by means of
which the air velocity through the apparatus may be regulated.

Associated static tappings are provided so that the velocity head may be recorded by
means of the manometer. The velocity distribution upstream of the tube bank is sensibly
constant and may be established by a single mecasurement of the static wall pressure
downstream of the bellmouth.

The thermocouple in the element and at the air inlet are of copper and constantan type.

Safety considerations

The cylindrical element after heating may have a tempcrature of up to 80 °C. Handle with
care to avoid burns (do not touch the copper surface).

Laboratory Procedure

1) Connect the chart recorder to appropriate power supply

2) Set the chart speed to 10mm/min

3) Calibrate the chart recorder for a suitable scale

4) Connect the power supply mains of cross flow apparatus and turn the power ON

5) Turn the heater ON

6) Insert the copper element into the heater

7) Watch the copper element temperature rise in the chart up to about 70°C (about 2.4
mV corresponds to about. 70 °C)

8) Set the air flow rate to 20% of full-flow by adjusting the damper at the air outlet duct
9) Turn on the fan
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10) Remove the copper element from the heater and insert into the central hole of the
working section

11) Watch the element cool down to ambient temperature (i.e. 0 mV on the chart)
12) Turn the fan off

13) Repeat process 6 onwards for up to 100% air flow in a step of 20% each time.

Observation Sheet

Useful data

Width of working section 12.5 cm
Height of working section 12.5 cm
Diameter of elements 1.25 cm
Transverse pitch of clements 2S5cm
Longitudinal pitch of elements 1 875 cm

Data related to cross-flow apparatus:

Throttle H,emH,O |V, m/s Re Slope M Nu
opening %

20%

40%

60%

80%

100%

Data related to chart recorder:

t, sec Thermocofjple T-Ta, °C logo(T-Ty),
mV °C

e From chart, find (T-T4) using thermocouple data sheet and laws of thermocouple.
Draw a graph logo(T-Ta) vs. time t for each value of throttle opening
e Find slope M from the graph
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e Calculate h using equations 8 for each value of throttle opening

e Calculate Re for cach value of throttle opening

e Calculate Nu for each value of throttle opening

e Draw a graph Nu vs. Re using the above data

e Draw graphs Nu vs. Re for equations 1, 2 and 3

e How does your experiment compare with the other three graphs ?
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