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Problem 1 [30 pts]

Consider a well-insulated, concentric tube, counter-flow heat exchanger used to heat cold water.
Saturated steam at a temperature of 7y, condenses in the outer tube at mass rate of . Cold

water enters the inner tube of diameter D and length L at a temperature of 7;, with a mass flow
rate i, and an average heat transfer coefficient ;. The latent heat of vaporization of water is

hg and the average specific heat of water is ¢, Assume that the inner tube has negligible
thickness. Neglect any surface fouling effects.

(a) Find an expression for the outlet temperature 7, of water in the inner tube.

(b) Sketch the temperature variation of the two fluids along the length of the heat exchanger and
clearly label the temperatures.

(c) Find an expression for the effectiveness ¢ of the heat exchanger only in terms of 7, T;, and
T,. Write an expression for NTU in terms of .

(d) Express the average heat transfer coefficient for steam condensation %, only in terms of
known quantities and/or those obtained in parts (a) and (c).
|

Steam Steam

Start your answer to part (a) here [6 pts]:
Assuming heat lost by condensing steam to be equal to the heat gained by cold water, we can

write: i, h, =mC, (T, -T)

rhohf
Outlet temperature of water: T, =T, + ——

m,C,

Start your answer to part (b) here [6 pts]:

Steam
TA
Tsat
T =T Moy
/ Lo
i~p
Water
Ti
X
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Problem 1 - cont.
Start your answer to part (c) here [12 pts]:
For condensing steam in the outer tube, temperature does not change = C, =m,C, ., — ©
Therefore, in this heat exchanger: C, =C,, —»>wandC,=C,, =mC,=C, = g =0
. mC (T -T T-T
Effectiveness: & =—1— = q =— (1. -T) = g=—"""1; T, known from (a)
9 nax Cmin (Thz - Tu) micp (Tvaz - 7;) Tsat _Ti
ForC, =0:e=1-exp(-NTU)= NTU =-In(1-¢)
Start your answer to part (d) here [6 pts]:
PG
Overall heat transfer coefficient: —=—+ %, SR it n=r,A=A4=A,
UA hA, Y 27kl A,
U(zDL —In(1-&)m,C
:>i=i+i;NTU:ﬂ:—ln(l—5)=L:U= (1-2)mC,
U h h C.. m,C, DL
1

Heat transfer coefficient for steam condensation: h, =
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Problem 2 [35 pts]

Consider a long pin fin attached to a vertical square chip (20 mm x 20 mm). The chip has a
uniform surface temperature of 67°C while the surrounding stagnant air is at 27°C.

}&v T, = 67°C

< <> Air
T, =27°C

Long Fin
D=2mm
Ksin = 400 W/m-K

20 mm

(a) Calculate the average convective heat transfer coefficient (W/m?-K) on the fin surface.
Since the surface temperature varies, you can use a representative fin surface temperature equal
to the average of the base and tip temperatures in this calculation.

(b) Calculate the average convective heat transfer coefficient (W/m?-K) on the unfinned base.
Comment on whether it is close to the value obtained in part (a), which is an assumption often
made in fin analysis.

(c) Determine the total heat dissipation rate (W) from the fin and the unfinned chip.

At T=300 K
v,ir = 15.89 x 10 m?%/s air = 22.5 x 108 m?/s k., = 0.0263 W/m-K
At T=310K

Vi = 16.90 x 10 m?/s air = 24.0 x 108 m?%/s k. = 0.0270 W/m-K
At T=320 K

Vi = 17.90 x 10 m?/s air = 25.5 x 108 m?%/s k., = 0.0278 W/m-K

Start your answer to part (a) here [15 pts]:
_L+T, _T,+T,

Average fin surface temperature: 7, , = 5 S = 47°C
. - s, fin Toc o
For the fin surface, film temperature: 7, = T =37"C=310K
6 2 6,2 1 1 .
Vair = 16.90 x 10 mM?/s, air = 24.0 x 10™° m*/s, kur = 0.0270 W/m-K, g = =EK
Sfilm
N _ | gh(T,~T.)D’
For the cylindrical fin surface, the Rayleigh number: Ra, = =12.48
vo
. —— _h,D
Using Table 9.1, Nu,, = . =1.02Ra,; ™ =1.48
w

Average convective heat transfer coefficient on the fin surface: h, =20 >
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Problem 2 - cont.

Start your answer to part (b) here [10 pts]:

For the unfinned base, film temperature: 7, = % =47"C=320 K

6 2 6,2 1 1 .4
Vair = 17.90 x 107 m?/s, auir = 25.5 % 10™° m*/s, ky» = 0.0278 WIm-K, g = =%K

film
T,-T,)L
For the unfinned base, the Rayleigh number: Ra, = $h(1,-T.) =21,492
vo

Nu, = hbTL = 0.59Ra"* =7.15

. - . W
Average convective heat transfer coefficient on the unfinned base: h_ =9.95 e,

The two convective heat transfer coefficients are different since the development of the free
convection boundary layer is not the same on cylindrical and vertical surface.
Start your answer to part (c) here [10 pts]:

Heat transfer rate through the fin: ¢, = /A, Pk, 4.6,
P=7D=628x10"°m, A :%DZ =3.14x10°m?,0, =T, - T, =40 K
g, =0.5024 W

Heat transfer rate through the unfinned base: ¢, , = T(Ab
@puse = 0.1580 W
Total heat transfer rate through the chip: ¢, =q,,. +4,,1€. 0, =0.66 W

—A4,)6,; 4,,, =400x10°m?

ase




Name:

Last First
Problem 3 [35 pts]

A fluid is introduced at flow rate s and inlet mean temperature 7,,; through a circular tube of
diameter D and length L. The tube is divided into two equal sections. The fluid is subjected
to a constant heat flux g "=afor the first half while the tube wall of the second half is
maintained at a constant surface temperature. It is found that the outlet mean temperature 7,
is the same as the inlet mean temperature 7,,;,, Assume that the flow is turbulent and fully
developed everywhere inside the tube. ¢, &, and x of the fluid are known. You may treat the
quantities obtained in earlier parts as known parameters in the later parts.

(a) Recommend correlations for the convective heat transfer coefficient / inside the tube for the
two halves of the tube.

(b) Derive an expression for the mean fluid temperature 7,,(x) along the first half of the tube.
(c) Derive an expression for the tube surface temperature 7,(x) along the first half of the tube.
(d) Obtain an expression for constant wall temperature 7% . for the second half of the tube.

(e) Obtain an expression for the mean fluid temperature 7,,(x) for the second half of the tube.
(F) Qualitatively sketch the variations of 7,,(x) and Ti(x) for 0 < x < L.

Start your answer to part (a) "_g

here [8 pts]: : Constant wall

For turbulent, fully-developed _ temperature

flow (either constant flux or ]”f - > o
constan;Z g:mperature): mi_ "
NMD :7: 0.023R€?)/5PI””

For the first half, fluid is being
heated: @TDzo.ozsReg’SPrO-“ L2 L2

A
v
A

v

For the second half, fluid is being —

cooled: hsz =0.023Re}°Pr®®

D } D 4n
Where,ReD:u’" p_| T P_"" .pr=

|4
7 Tpp| 4  7mDu a

Start your answer to part (b) here [6 pts]:
aPdx

Considering energy balance for the first half: 7mC dT, = q.Pdx = dT, =
V4

Tm(«") X
Integrating: _[ dT, :'a—Pfdx:Tm (X)=T,,;+ aP

m m (J
T

X, P=nD

p 0 mp
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Problem 3 - cont.

Start your answer to part (c) here [4 pts]:

Considering heat flux at any section: ¢, = /[T, (x)-T, (x)]|= T,(x)=T, (x)+%; T,(x) and

hy from (b) and (a), respectively
Start your answer to part (d) here [6 pts]:

Tmi_Tm (Ljexp - th L
T.-T [ Ph, LJ | 2 mC, 2
j exp| — — :>TS]C=

mC 2
g 1—exp —I_Dik
mC, 2

For the second half; —*—2° =
T; c Tm (
. 2

where T L =T .+ _aP £,P:7rD,andh2from(a)
2 - omC 2

P

=

Start your answer to part (e) here [5 pts]:
T.—T,(

For the second half: —) = exp[— {th (x_ﬁn —
Ts,c—Tm( j mC, 2

T, (x)=T,, —(Ts’c -7, (%D exp(— r:?; (x —%j] ; Where P=7zD, T,. and h, from (d) and

p

N |t

(@), respectively
Start your answer to part (f) here [6 pts]:
|

TA |
T, (X : i
I [
I [
n(X) Too=T
T I | m,o m,i
m,l : iTs,C
| L
| | X
0 L/2 L



