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Exercise 1.1

Consider the common case of a room, with internal air temperature 7', having a glass window through
which solar radiation can enter. Windows can have a single pane structure or a double pane construc-
tion in which adjoining panes are separated by an air space.

2)

b)

For each case draw a sketch of the window system and identify the relevant heat transfer processes
leading to heat transfer across the window.

Consider a single pane glass window with W = 1m, H = 2m and a thickness L = 5mm.
The glass thermal conductivity is k; = 1.4W/mK. In a winter day the inner and outer surface
temperatures of the glass are 15°C and —20°C respectively. What is the rate of heat loss through
the glass?

Now consider a double pane glass window with the same W,H as in the previous part. In this
case the two adjoining glass panes, each of thickness ¢ = bmm, are separated by an air space
of thickness tq; = 10mm (kg = 0.024K/mK). Under the assumption that the air in the gap
space is at rest and radiation effects are negligible, if the glass surfaces in contact with the air
space have a temperature of 10°C and —15°C' respectively, what is the rate of heat loss?

Could doubling the thickness of the single glass pane make the performance of the single pane
window acceptable compared to a double pane window?
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For the single pane window we express the conduction heat transfer rate as:

T2 -T1
Qsingle = _kgAT = 19.6kW

¢) For the double pane window we express the conduction heat transfer rate in the air gap as:

T2 -T1
Qdouble = _kairAti = 120W

air
d) If we double the thickness of the single pane window L' =2L:

/ T2 -1T1

Qsingle = _k!]A 27, = 9.8kW >> Qdoubie

so the performance would still be unacceptable.
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Exercise 1.2

A hot-wire anemometer is a common instrument to measure the velocity of an air stream. It consists
of a heated wire which is placed into the air flow with the axis oriented perpendicular to the flow
direction. The electrical energy dissipated in the wire is transferred to the air by air convection and it
is assumed that no other heat transfer mechanism plays a role. Thus, for a given electrical power, the
temperature of the wire depends on the convection coefficient, which in turn depends on the velocity
of the air flow. Let’s thus consider a wire with L = 20mm and a diameter D = 0.5mm. This has been

calibrated to have:
v=6.25-10""h2

where h is the convection coefficient.

a) Make a sketch of the system, identify the boundaries, the heat transfer mechanisms and the
energy source terms. List the most important assumptions.

b) Write the energy balance for the system you identified in part a)

c) If the air temperature is Tp; = 25°C and the surface temperature of the anemometer is Ty =
75°C when a voltage of 5V is applied to the wire and a current of 0.1A4 is flowing through it,
what is the velocity of the air stream?

Note: remember that the power dissipated due to Joule heating is Pjyyue = VI
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Solution

a)
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O ‘ Q_out,conv

Assumptions: i) constant k; ii) steady state; iii) negligible conduction and radiation b) The energy
balance for the anemometer is

0= _Qout,conv + Ejoule

where the heat transfer rate by convection as a negative sign because it is leaving the wire.

c) The power dissipated by joule heating is: Ejoue = VI. We compute the heat transfer rate by
convection as:

Qout,conv =hA (Tszair)

Combining these expressions:

Vi 2
—_— T - . — 1
h T ) 318W/m*K

And hence:
v=06.25-10"°h? = 6.3m/s

Note: We see that T > T,; and therefore with the expression we used Qout,cons > 0 and therefore it
is consistent with the addition of a negative sign in the energy balance.

Alternatively we could have written the energy balance as:
0= Qout,com) + Ejoule

where Q = hA(Tpir—Ts).

’
out,conv

In either case make sure that the overall sign of the heat transfer rate is correct in the energy balance
equation you write.
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Exercise 1.3

A hair dryer can be modelled as a circular duct through which a small fan draws ambient air and
within which the air is heated as it flows over a coiled electrical resistance.

a) Make a sketch of the air drier, identify the control volume, the heat transfer mechanisms and
heat sources.

b) An hair drier is designed to operate with an electric power consumption of P,; = 500WW when
heating air from T; = 20°C to T, = 45°C. Heat loss from the casing to the ambient air and the
surroundings can be neglected. The duct diameter is D = 70mm, the density and specific heat
of the air are p = 1.1kg/m3 and ¢, = 1007.J/kgK. What is the volumetric flow rate V[m3/s] of
air in the drier? What is the discharge velocity v,?

c¢) Consider a dryer duct length L = 150mm and a surface emissivity € = 0.8. If the heat transfer
coefficient for natural convection from the casing to the ambient air is h = 4W/m?K and the
temperature of the surrounding air is Ty;, = 20°C, confirm that the heat loss from the casing is
negligible. Use Ts = 40°C' as the average casing temperature.
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Solution
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Assumptions: i) steady state; ii) constant air properties; iii) negligible potential and kinetic energy
changes of air flow; iv) negligible work done by fan; v) negligible heat transfer from casing of dryer to
ambient air.

b) The volumetric flow rate is equal to V = ™ therefore to determine it we need to determine the
mass flow rate. We can do so through the energy balance of the hair drier duct.

We note that mass flows in and out of the hair drier duct hence we need to use the OPEN SYSTEM

energy balance to solve this problem. We have:

m(“f +pv)i - m(“f +pv)o - Qrad - Qcorw + Pelec =0

We have assumed that the casing is well insulated so there is not heat exchange to the environment
through convection or radiation, therefor we are left with:

m(lz - io) + Pelec =0

where we have used i = u+pv = enthalpy [we used the symbol i to avoid confusions with he convection
coefficient].

For a gas we can write:
m(i; — io) = mep(T; — Tp)

Therefore:
mcp(Ti - To) = Pelec

from which we obtain:
Pelec

= ————— = 0.0199g/s
(T = To) 9/

m

We can now obtain:

P
Finally we know that:
nD?
V= 'UAC = UT
and therefore the discharge velocity is
Vo= — =4.Tm/s
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¢) We can now calculate the two heat transfer rate terms due to convection and radiation respectively.
We have:
Qcom} = hAs(Ts - Too) = 2.64W

Qrad = GASO—(TT;L - Tfur) = 3.33W
Therefore
Qtot = Qconv + Qrad =5.9TW << Pelec = 500W

and our initial assumption of negligible heat losses due to convection and radiation was correct.

Note: in part b) we should account for the change in density of the air as it heats up inside the
hair drier. Indeed 7 is constant but V = pLT will change as p(T') changes. Yet, given the small
temperature change within the air drier we have neglected the change in density.
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Exercise 1.4 FOR REVISION

A square isothermal electronic chip has a width w=5mm and it is mounted on a substrate. Its
side and back surfaces are well insulated while the front surface is exposed to the flow of a coolant
at Teoop = 15°C. During operation, for reliability reasons, the chip temperature must not exceed
Trnaz = 85°C.

a) Make a sketch of the system, identify the boundaries, heat transfer mechanisms and heat sources.

b) If the coolant is air and the convection coefficient is h; = 200W/m?K, what is the maximum
allowable chip power?

c) If the coolant is a dielectric liquid for which hy = 3000W/m? K, what is the maximum allowable
chip power?

d) Now consider case b) and include the heat transfer by radiation from the chip surface to the
surroundings at 15°C'. If the chip has an emissivity of ¢ = 0.9, what is the maximum allowable
chip power?
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Solution

a)

—
Tp=15°C —®
—
Air, h=200W/m*K
Dielectree fluid,
h=3000W/mz-K

Chip, Tyax=85°C

Assumptions: i) Steady-state; ii) isothermal chip; iii) negligible heat transfer through sides and bottom;
iv) negligible radiative heat transfer.

b) The energy balance equation for the chip is:

0= _Qout,com) + Pgen

where

Qout,conv = hlA(Tmaz’ - Tcool)

Therefore:
Pgen,maa}l = hlA(Tmax - Tcool) = 0.35W

c¢) In this case:
Pgen,ma:{;? = h2A(Tmax - Tcool) = 5.25W

d) If radiation is NOT negligible we need to account for it in the energy balance. As the chip surface
is hotter than the surrounding the heat transfer rate by radiation will have to have a negative sign.
We write:

Qrag = Aea(T* — T2, ) = 0.0122W

and then the energy balance becomes:

0= _Qout,convarad + Pgen

Therefore:
Pgen,maz3 = Qrad + Qout,convl = 0.3622W

and we have:

AP,
=2l gensmazrl,3 100 = 3.5%

Pgen,ma;cl
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Exercise 1.5 FOR REVISION

A pan is used to boil water by placing it on the stove, from which heat is transferred at a fixed
rate (Qg. The boiling happens in two stages. In stage 1, the water is taken from its initial room
temperature T; to the boiling point, as heat is transferred from the pan by natural convection. During
this stage, a constant value of the convection coefficient A may be assumed while the temperature of
the bulk water increases with time as Too, = To(t). In stage 2 the water temperature remains at a
fixed value, Ts as heating continues. The pan bottom has a thickness L and a diameter D with a
coordinate system corresponding to x = 0 and x = L for the surfaces in contact with the stove and
water respectively.

a) Make a sketch of the system and the heat transfer mechanisms.

b) Write the form of the heat diffusion equation and the boundary /initial conditions that determine
the variation of the temperature of the pan with position and time, T'(z,t) in the pan bottom
during stage 1. Write all the equations in terms of the parameters Qo, D, L, h and T (t) as
well as appropriate properties of the pan material.

c) During stage 2, the surface of the pan in contact with the water is at a fixed temperature
T(L,t) =Ty, > Tp. Write the form of the heat diffusion equation and boundary conditions that
determine the temperature distribution 7'(z) in the pan bottom. Express your results in terms
of the parameters QQy, D, L, T, as well as appropriate properties of the pan material.

d) Consider a pan with L = 5mm, D = 200mm made of aluminum (k = 240W/mK) or copper
(k = 390W/mK). When used to boil water, the surface of the bottom exposed to the water is
at T, = 110°C. If the heat transferred from the stove to the pan is Q9 = 600W, what is the
temperature of the surface in contact with the stove for each of the two materials?

10
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Solution

2)
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Assumptions: i) 1D conduction in the pan bottom; ii) uniform heat transfer from the stove to the
bottom of the pan; iii) constant properties.

b) Stage 1

As there are no heat sources in the pan and we have a one-dimensional problem, the heat diffusion
equation reduces to:

T 19T

022 a Ot

The first boundary condition is that at the bottom of the pan (x = 0) we have a constant heat transfer
rate and we express it as:

orT

- kApan %

= Qo

=0

where Apqpn = nD?/4.

The second boundary condition is that at the top surface of the pan we have convection with a constant
convection coefficient h therefore:

or

—kApan o

== hApan [T(L7 t) - Too (t)]
r=L

The initial condition is:

11
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c) Stage 2

During stage 2 the temperature of the pan does not change with time, therefore the heat diffusion
equation simplifies further to:

T

dax?

The boundary conditions are the heat transfer rate at the bottom surface (z = 0) and the constant
temperature at the top surface (r = L):

dT
_kApan a o = QO
T(L) =Tt

We do not need the initial condition.

If we integrate this solution we will obtain the linear temperature profile expected from Fourier law
of conduction.

d)

L =5 mim

Aluminum

(k=240 Wim-K) f— D=200mm 1,77 —

N

From the result of part c), using Fourier law we have that the heat transfer rate by conduction through
the bottom of the pan is:

where 77 = T'(z = 0) and Ty = T}
Therefore we can find the temperature of the bottom surface as:

QoL

Ty =T+
! kApan

where Apqn, = 7D?/4 = 0.0314m?>.

Substituting the different thermal conductivities, for the two materials we obtain:
o Aluminium T7 = 110.40°C
o Copper Ty = 110.24°C

We therefore see that, irrespective of the material T} =~ 17, and therefore the bottom of the pan can
be considered isothermal.
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