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Exercise 1(Points: 7.5)

The air inside a hot chamber must be kept at T\, ; = 50C'. To achieve this, the air is heated convectively
with h; = 20W/m?K by a wall (thickness L = 200mm) having a uniform heat generation of 1000W/m3
and a thermal conductivity of 4W/mK.

Initially, a very thick insulation layer is applied on the outside surface of the wall to prevent any heat
generated within the wall from being lost to the outside.

a) Draw the temperature profile in the system (wall4-chamber) as accurately as you can based on
the information provided. You can use few words to clarify your choices.

b) Draw the thermal circuit labelling clearly (i) the temperatures of each node (ii) arrows for all
heat fluxes involved (iii) all thermal resistances involved.

c) Write the general expression of the temperature profile in the wall and define the mathematical
expressions for the boundary conditions at the outer (i.e. T(x = 0)) and inner (i.e. T(x = L))
surfaces of the wall.

d) Calculate the temperature on the outer and inner surfaces of the wall.

e) An engineer suggests to replace the bulky insulation layer on the outer surface of the wall with
a very thin electrical strip heater, providing a uniform heat flux ¢,. On the outside, air at
Tw,0 = 25C can now convectively cool the wall with h, = 5W/m2?K. Determine the value of
q, that must be supplied by the strip heater so that all heat generated within the wall is still
transferred to the inside of the chamber.

f) Because of processing needs, the heat generation in the wall is switched off while the heat flux
to the strip heater remains constant. Draw the new thermal circuit representing the problem.
Label clearly (i) the temperatures of each node (ii) arrows for all heat fluxes involved (iii) all
thermal resistances involved.

g) For this last situation, assuming that the temperature of the hot chamber remains at T ; = 50C,
calculate the new steady state temperature of the outer wall surface, T'(z = 0).
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Solution

a) 1.25 pts : 0.5 adiabatic, 0.5 parabolic, 0.25 convection

A adigb
T o)J

T,

 ©

-

P

b) 0.75 pts : 0.25 convection resistance, 0.25 input heat flux from layer with heat sources, 0.25 for
temperatures.

c) 1.25 pts : 0.25 for the general expression (from formula sheet); 0.5 for outer wall BC (0.25 for

left hand side and 0.25 for right hand side);0.5 for inner wall BC (0.25 for left hand side and
0.25 for right hand side - convection);

T(z) = — L

= %sc? + Ciz + Co

For the outer wall the heat flux is zero and the derivative of temperature is zero:

di
dx =0 N

For the inner wall we have a heat flux boundary condition given by the convective heat flux:

4T
dr z=L n

WMT(L) = Teo.i)

d) 1.25 pts : 0.25 for Cy; 0.25 for T'(L) expression, 0.25 for T'(L) value; 0.25 for Cy expression;
0.25 for value of T'(0) = Cs
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From the first boundary condition we get:

dT
@x:O B Cl =0

From the second boundary condition we get:

—k(—%x + C)or = W(T(L) - Thoy)

gL — kCy = h(T(L) — Two i)

From the general expression of the temperature profile we can also write:

T(L) = _ﬁ + Cy

and thus equating with the expression above:

and therefore:

gL
e) 0.75 pts : 0.25 for the reasoning ; 0.25 for the expression and 0.25 for the value.

The heater strip must compensate exactly the heat lost by convection to the outside air. There-
fore:

”

qp = ho(T(0) — T ) = 200W/m?

f) 1 pts: 0.25x3 for the thermal resistances ; 0.25 for the input heat flux on the heater.

@sm{o

Tor e AN ML T

T d
Reonv,o ? Reond  frconm

g) 1.25 pts : 0.25 for writing the heat flux balance; 0.25 for the qum,,O expression; 0.5 for the
Qeond-+conv,i €xpression (0.25 for conduction resistance, 0.25 for series); 0.25 for the value.

9 9

9o = Yeonv,o + Geond+conv,i

” T(O) - TOO,O T(O) - TOO,Z

@ ="/, L/k+1/h;

T(0) = 55C
3
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Exercise 2(Points: 2.5)

Plasma spray coating processes are often used to provide surface protection for materials exposed to
hostile environments. Ceramic coatings are commonly used for this purpose. By injecting ceramic
powder through the nozzle of a plasma torch, the ceramic particles are accelerated and heated within
the plasma jet. During their time-in-flight the ceramic particle must be heated to their melting point
and experience complete conversion to the liquid state.

Consider the case of spherical alumina (AlyO3) particles of diameter D = 50um, density p =
3970kg/m3, thermal conductivity k¥ = 10.5W/mK, specific heat ¢, = 1560J/kgK, melting point
Ty, = 2318K and latent heat of fusion hy = 3577kJ/kgK.

The particles, initially at 7; = 300K, are injected into a plasma at T, = 10000K that provides
a convection coefficient h = 30000W/m?K. It is assumed that radiative heat transfer is negligible
throughout the process.

a) Identify the correct model for this transient heating problem.
b) Calculate the time ¢; needed to heat up the nanoparticles up to their melting temperature.

c) Calculate the time ty required to achieve complete melting of the nanoparticle.

Plasma gas

— Calhode
Particle — MNozzle (anode)
injection
Electric ——

A

Flasma it with entrained
ceramic particles (T, i

Ceramic coating

—_— Substrate
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Solution

a) 0.75 pts: 0.25 for the choice of Bi; 0.25 for value; 0.25 for Lumped capacitance model

We calculate the Biot number for this problem:

_ AV hR  30000-25-10~°
T kAT 3k 3-105

Bi =0.0238 << 0.1

Therefore we can use the lumped capacitance model.

b) 0.75 pts : 0.25 for expression; 0.25 for correct T values; 0.25 for ¢; value

; pcpV | T, — T 3970 - 1560 - 25 - 1075 300 — 10000
1= n =

- — 0.0004
hA T, —T. 330000 9318 — 10000 y

c) 1 pts: 0.5 for correct energy balance (0.25 left and 0.25 right hand side); 0.25 t2 expression;
0.25 to value

From an energy balance during the melting process we have:

t1+to t1+t2
AE = pVhy = / Geomodt = / hA(Tse — T)dt = hA(Tso — T )t

t1 t1

_ pRhy 1

= 0.0005
3h (T — Tpn) §

[5)
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Exercise 3(Points: 9.5)

One method to grow micro/nanowires is to deposit a small droplet of a liquid catalyst onto a flat
surface. The surface and the catalyst are heated and simultaneously exposed to high-temperature air
that contains a mixture of species from which the wire is to be formed. The catalytic liquid slowly
absorbs the species from the gas and converts them to a solid material that is deposited onto the
underlying solid/liquid interface. This results in the growth of a micro/nanowire. As this grows, the
liquid remains suspended at its tip and moves further away from the flat surface (see Figure).

Consider the growth of a 5um diameter silicon carbide microwire onto a silicon carbide surface. The
surface is maintained at a temperature Ty = 2000K and the thermal conductivity of the silicon carbide
is 30W/mK.

The hot air has a temperature of T, = 3000K and it is blown with a speed of v = 30m/s through
the chamber to continuously heat the catalyst and the microwire.

a) Motivating your choice of the convection correlation, calculate the convection coefficient between
the nanowire and the hot air. Use Ty = % for estimating the physical properties.

b) Sketch a qualitative temperature profile along the nanowire. Clearly indicate the boundary
conditions at the base and tip of the nanowire.

¢) The nanowire grows until the liquid catalyst reaches the temperature of 2500K. For higher
temperatures the growth stops. Under these conditions, is it possible to grow a nanowire with
length L = 50um ?

d) The microwire growth technique is used to realize a micro-heat sink for an electronic package.
This consists of a 100um x 100um silicon electronic device encapsulated by two silicon carbide
sheets (dspeer = 100nm, k = 490W/mK see Figure). Heat is generated in the inner silicon layer.
The chip is cooled blowing a dielectric coolant at T, = 20C both on top and bottom of the chip,
achieving a convection coefficient » = 10°W/m?K. The finned system presents two arrays of
silicon carbide microwires (at the top and at the bottom), each consisting of 10 x 10 elements
with D = 5um and length L = 50um. Draw the thermal circuit for the finned electronic chip,
labelling clearly (i) the temperatures of each node (ii) arrows for all heat fluxes involved (iii) all
thermal resistances involved.

e) For the finned chip, calculate the allowable heat rate that can be generated in the chip if the
silicon temperature should not exceed T,,axr = 85C. Use the Fin Efficiency Table provided

below.
a-c) d-e) W =100 um
Gas absorption S - >
' —_—
b —— D

Solid deposition

—>
|

Nanowire
.

Silicon \L\k |

Liquid catalyst ﬁ //// H '
\// K// o :I_'

Initial time Intermediate time ~ Maximum length

=

T
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:
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=Pi-L

TapLE 3.5

Efficiency of common fin shapes

Straight Fins
ﬁ'cr.‘angﬂdar‘
Ay = 2ud., _ tanhml,
Lo=L+ (17 2 = il (3.89)
"*.n =l - ,j'
=
I
T lar?
- H Lz 1 f{2ml)
Ay = 2wll? + (d2)] { = D) (3.03)
A, = (62)L i W/_‘
I ——l/
Parabalic* = (2Nl - NLF
"'*j = Ul‘if]]r, + 7
R , -_— 3.94
(L2 (el + Oy ¢ e [Alml+ 1] + 1 (3.94)
O =1+ (Whfe I W/l
A = (3L
]
I.—'-L"
X
Circular Fin
- | Kot ) — b iorzd
“ 1l | ¢ W ) Kl + Kl hlmnd
ne=n 2 I :[ (2ry/m)
V= (- e | G=—rt
' (rg— rf)
| ! ]
"
I—I-—F2
Pin Fins
Rectangudar®
Ay = =, sl
L= L+ (D) o R (3.95)
V= (miFA)L I
—l
Trianguiar®
PR LT R _ 2 L(2ml)
A= T2+ (O] "= D) (3.96)
V= (wf12)[FL

W
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Solution

a) 1.5 pts : 0.25 for forced external convection; 0.25 for cylinder geometry and Churchill Bernstein
relation; 0.25 for the physical properties from Table A4 (p, p, k, Pr ); 0.25 for Re; 0.25 for Nu ;
0.25 for convection coeff .

External forced convection around a cylinder (Churchill-Bernstein correlation):

Nup =03+

0.62Re;)” Prl/3 Rep 1"
1+ (0.4/Pr)2/3]1/4 282000

From Table A.4 for air at Ty = 2500K we get:

p(2500K) = 0.1389kg/m>
(1(2500K) = 818 - 107" N's/m>
k(2500K) = 0.222W/mK
Pr(2500K) = 0.613

We thus get:
pvD  0.1389-30-5-1076
Re = = = 0.255
°T L 818 107
Nup = 0.531
Nupk  0.531-0.222 9
= = = .4 K
h=—% S = 2357641 /m
b) 0.75 pts : 0.25 non linear temperature profile (fin-like); 0.25 temperature base; 0.25 convection
at the tip.
fon-(1near
T \/ comecton
T

c) 2.25 pts : 0.5 for recognizing the use of fins; 0.25 for the right expression (convection BC); 0.25
for x = L ; 0.25 for correct A.; 0.25 for correct P ; 0.25 for m value; 0.25 for T'(L) value; 0.25
for the correct answer (YES);

To know whether a 50um long wire can be grown under these conditions, we need to calculate
the temperature at the tip. If it is below 2500K then the wire can grow, if it is above it will not
be able to grow.

We treat the microwire as a fin with convection at the tip.

T(L)-Twx  cosh(0)+ (h/mk)sinh(0)
Ts —Ts  cosh(mL)+ (h/mk)sinh(mL)

T(L) — 3000 1

2000 — 3000  cosh(mL) + (h/mk)sinh(mL)
8
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where we have:

hP [4h  [4-23576.4
=\ = = 25074m ™"
"V kA, \/k \/30 5100 "

Therefore:
h 23576.4
— = —0.031
mk 2507430 U313
mL = 25074 - 50 - 107% = 1.2537
and we get:
T(L) = 3000—1000 ! = 3000—1000 ! = 2485.7TK
B cosh(1.2537) + 0.0313sinh(1.2537) 1.894 +0.0313-1.61 '

As the temperature is below the threshold value for growth, we can have a microwire of this
length.

2 pts: 1 (0.25 x 4) for thermal resistances; 0.5 (0.25 x 2) for heat fluxes; 0.25 for T¢ ; 0.25 for

Teo-
R1,0 Rmﬂd Tl Rmd Ri.o
T.O 4 e’ o N/ o o T,
| —
qi2 o/2

—_—

2

3 pts: 0.25 Recond expression; 0.25 Rcond value; 0.25 Af; 0.25 Ab; 0.25 At; 0.25 etaf; 0.25 etat;
0.25 Rt expression and 0.25 Rt value; 0.25 serie resistance of Rcond and Rt; 0.25 expression of
Q; 0.25 value of Q.

dsheet 100 - 1079
cond — = = 0.0204K /W
Reona = =7 490(100 - 10-6)2 002045/
1
R p—
‘ neh Aot
where:
_q NAy
" Arot(1 —ny

Aot = NAy + Ay
We have in this case:
Ay =nDL+7D*/4=75-10"%-50-10"° + 7(5-107%)?/4 = 8 - 107 1"m?

Ay =W? — NrD?/4 = (100 - 107%)2 — 200%7(5 - 107%)% /4 = 9.875 - 10~ m?
A;=100-8-1071 4 9.875. 1077 = 8.9875 - 10 ®m?
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We then have (we can accept also the use of only the length of the fin):

m) 4-10° )
L=\/—“L=1/-——(xDL +nD%/4) = 0.655
m kD 1905 10-8 "PL A TDY/A)

From the table of efficiencies:

tanh(mL)  0.575

- - — 0.878
K mL 0.655
100-8-10710
" 80875 10-5 (-~ 0-878) =0.89
1
R, — 124.9K/W

= 0.891- 105 - 8.9875 - 10—

Finally, using the thermal circuit we can calculate the heat rate that can be transferred in the
presence of the fins is the temperature of the silicon is T, = 85C"

Q_ To-Tw
2 Rcond +Rt
-2
Q=2 5720 4y

0.0204 + 124.9

10
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Exercise 4(Points: 10)

Waste heat from the exhaust gas of an industrial furnace is recovered by mounting a bank of unfinned
tubes in the furnace stack. Pressurized water makes a single pass through the tubes with a flow rate in
EACH of the tubes of 0.075kg/s. Instead, 2.25kg/s of exhaust gas, which has an upstream velocity
of 15m/s, move in cross flow over the tubes.

The tube bank consists of a square array of 100 thin-walled tubes (10x10), each 15mm in diameter
and 4m long. The tubes are aligned with a transverse pitch of 50mm.

The inlet temperatures of the water and the exhaust gas are 300K and 800K, respectively. The
water flow is fully developed and the gas properties my be assumed to be those of air at atmospheric
pressure.

a) Sketch the temperature profile for the heat exchanger. Label clearly inlet and outlet temperatures
and indicate the total mass flow rates for the two working fluids.

b) Calculate the overall heat transfer coefficient for this heat exchanger. Use T),, = 325K to
estimate the water properties and 75, , = 600K to estimate the exhaust gas properties and
Ts.m = 470K as the tube average surface temperature.

c¢) Calculate the water and exhaust gas outlet temperatures.

d) After some months of operation it is observed that the thin walled tubes are easily damaged,
causing leakages. Therefore, it is necessary to replace them with copper tubes (k = 15W/mK)
of inner diameter D; = 15mm and wall thickness of 10mm. Assuming the convection coefficient
are not affected by this change, calculate the new overall heat transfer coefficient with respect
to the inner area.

11
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Solution

a) 0.5 pts: 0.25 for non-linear lines; 0.25 for total mass flow rate of water multiplied by the number
of tubes.

—r N
T,

2

o

Tew

M= 1000035 =35y /0
\K—_T ;!

1
c
ﬁ S >

-
I

b) 4.5 pts: 0.25 for UA = 1/Rtot; 0.25 for series resistance; 0.25 for Rconv,in expression; 0.25 for
Rconv,o expression; INNER Coeff: 0.25 for mu, Pr, k (values); 0.25 for ReD (value); 0.25 for
right correlation; 0.25 for right exponent; 0.25 for NuD value; 0.25 for hi value; OUTER, Coeff:
0.25 for physical properties at 600K (rho, mu, Pr, k); 0.25 for Prs; 0.25 for correct correlation;
0.25 for ReDmax; 0.25 for correct coeffients (C2, C, m); 0.25 for Nud value; 0.25 for ho value;
0.25 for U value. The overall heat transfer coefficient is:

1 1

UA= 3 = 1/hiA; + 1/hoA,

As the tubes are thin walled A; ~ A, ~ A thus:

1
U= Thtijm,

For h; we need to consider forced internal convection in circular tubes. Thus we have to compute
Reynolds:

4-m

Rep = ——
D mDu

where: = 528-10"Ns/m?, k = 0.645W/mK and Pr = 3.42 thus:

4-0.075

= = 12063.3
70.015 - 528 - 10~6

Rep

As the water is heating we use:

Nup = 0.023Re/° Pro* = 0.023 - 12063.3%/5 . 3.4204 = 69.3

kw 0.645

hi = UD = 5015

== 69.3 = 2979.9W/m?K

12
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For hp we need to consider forced external convection on a bank of tubes. The tubes are aligned
and we have 10 rows. Thus we calculate:

St 0.05
= Q_} f—
@ Sr—D 0.05 — 0.015

Vin -15=21.4m/s

P
Nup = CQC'ReBmWPrOBG(—P A )4
rs

where:

a) p = 0.5804kg/m3; u = 305.8-10""Ns/m?; Pr = 0.685; Prg = 0.6852; k = 0.0469W/mK
b) Repmas = 22e2E = 6092.5

c) C'=0.27; m=0.63

d) Cy = 0.97

(e) Prs =0.6852

~ o~ /N —~

hence:
0.685
Nup = 0.97 - 0.27 - 6092.5%-630.6859-36 (——""_)1/4 _ 55 4
up = 0.97-0.27 - 6092.5°630.685 (0_6852) 55
k 0.0469
he = “2Nup = —— - 55.4 = 173.2W/m’*K
°= DM T 0015 /m
1 2
= 163.7W/m?K

U pu—
1/2979.9 + 1/173.2

c) 4 pts: 0.25 for cp values; 0.25 for C values; 0.25 for right Cmin; 0.25 for NTU expression; 0.25
for NTU expression; 0.25 for NTU value; 0.25 for Cr; 0.25 for choosing right expression; 0.25 for
epsilon; 0.25 for Qmax expression; 0.25 for Qmax value; 0.25 for Q expression; 0.25 for Q value;
0.25 for equation Tout; 0.25 vor Tho; 0.25 for Tco.

To solve for the outlet temperatures we need to use the e-NTU method. As we know the ovreall
heat transfer coefficient,we can obtain the NTU and then calculate € to find the total heat
transfer and the outlet temperatures.

UNnDL

NTU =
Cmin

where:cp, ,, = 4188J/kgK and ¢, 4 = 1051.J/kgK thus:

Co = Cuy = MiwyCpay = 0.075 - 100 - 4188 = 31410W/K = Cummized
Ch = Cy = nigcyy = 2.25 - 1051 = 2364.75W/K = Cpized = Comin

163.7(10070.015 - 4)

NTU = 92364.75

=13

Cr _ sz'n _ Cmi:ped — 0.0753

Cmaa: Cunmixed
and from Table 11.3 we use:

13
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e=1-— exp(—ci(l —exp(—C, - NTU)))

r

(1 — exp(—0.0753 - 1.3))) = 0.71

1
€ =1—erp(=5o753

We also have that:

Qmaz = Cmin(Th,; — T¢0) = 2364.75(800 — 300) = 1.1I8SMW

ans
Q = €Qmaz = 837800W
Finally:
Tho="Th;— Q =445.TK
) Ch
Q

Too=Teit & =326.7K

’ C
d) 1 pts: 0.25 Recondcyl; 0.25 multiplied by Ai; 0.25 value of conduction term; 0.25 value of U

If the tubes are substituted with thick wall tubes we need to account for the conduction resistance
of the tube in the overall heat transfer coefficent/

~An(re/ri) _ rin(ro/r;) _ 0.00751n(0.025/0.015) .
AZRCOTLd = W . (271'7'2_[/) = 2 = 15 =2.55-10
1 1 )

U = 157.1W/m*K

" 1/hi + AiReong + 1/he  1/2979.9 +2.55 - 104 + 1/173.2

14
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Exercise 5(Points: 5)

A counter-flow concentric tube heat exchanger (thin-walled tube) used for engine cooling has been in
service for an extended period of time. The heat transfer surface area of the exchanger is 5m? and
the design value of the overall heat transfer coefficient is Ugesign = 400/ m?2.

During a test run, engine oil flowing at 0.1kg/s is cooled from 110C to 64C by water supplied at a
temperature of 25C" and a flow rate of 0.2kg/s.

a) Sketch the temperature profile for the heat exchanger. Label clearly inlet and outlet temperatures
and indicate the total mass flow rates for the two working fluids.

b) Determine whether fouling has occurred during the service period. Use T, , = 305K to estimate
the thermophysical properties of water.

c) Calculate the fouling factor R} [m2K/W].

d) To reduce water consumption, the heat exchanger is modified to use an evaporating refrigerant
to cool the exhaust gas between the same temperatures. Sketch the temperature profile for the
heat exchanger under the new operating conditions.

e) Calculate the necessary mass flow rate of refrigerant required in the closed-loop circuit.

15
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Solution

a) 0.75 pts: 0.5 for non-linear temperatures; 0.25 for temperature values and mass flow rates.

T N
MG

Tewo

b) 2.25 pts: 0.25 for physical properties (both together); 0.25 for energy balance and 0.25 for value
of Q; 0.25 for energy balance cold side and 0.25 for value of Tco; 0.25 for concentricHE heat
transfer expression; 0.25 for DTIn value; 0.25 for value of U and 0.25 for answer to question
(fouling occurred).

For the engine oil and hot water we get:
(a) cpn =2161J/kgK
(b) ¢pe =4178J/kgK

From an energy balance on the hot fluid we have:
Q = mincyn(Thi — Tho) = 0.1-2161 - (110 — 64) = 9940.6W
Thus:

Q 9940.6
eo = tei T MeCp e T 024178

For the concentric heat exchangers we have:

(Thi - Tco) - (Tho - Tcz)
= UAAT), = UA— ’ : :
N A (T — 1)/ (T — Teo)
Thus:
(110 — 36.9) — (64 — 25)
AT}, = = 54.3K
™ 7 In((110 — 36.9) /(64 — 25))
9940.6
U Q _ = 36.6W/m*K # Ugesign

T AAT,, 5543

Therefore, fouling has occurred.

16
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c) 1 pts: 0.25 for Rtot design; 0.25 for Rtot real; 0.25 for relation btw design and operation; 0.25
for value of Rf.

The overall heat transfer coefficient can be written as:

1
U —
ARtat
where :
ARt = —~ + R+ — — AR bR =L
tot — hz f ho = tot,design f = Udesign I R}
thus:
77 1 1 2
Rf = ARot — ARtot,design = U Udesign = 0.0023m K/W

d) 0.5 pts: 0.25 for non-linear temperature on the hot side; 0.25 for a flat line on the cold side.

T
- MoC

Te,o

e) 0.5 pts: 0.25 for latent heat; 0.25 for the mass flow rate
From Table A.5 p 948, the latent heat of evaporation for the refrigerant is: hy, = 217000J/kg.
The required mass flow rate is equal to:

. Q 9940.6
m = — =
hig 217000

= 0.0458kg/s

17



