Heat and Mass Transfer ME-341
Prof. Giulia Tagliabue EXERCISE SET 10 E P F L
EPFL-STI-GM-LNET

Exercise 10.1

A steel tube (k = 50W/mK) of inner and outer diameters D; = 20mm and D, = 26mm respectively,
is used to transfer heat from hot gases flowing over the tube (hj, = 200W/m?K) to cold water flowing
through the tube (h. = 8000W/m?K).

a) What is the cold-side overall heat transfer coefficient U.?

b) To enhance heat transfer, 16 straight fins of rectangular profile are installed longitudinally along
the outer surface of the tube. The fins are equally spaced around the circumference of the tube,
each having a thickness of 2mm and a length of 15mm. What is the corresponding overall
cold-side heat transfer coefficient U.? Assume adiabatic fin tip.

Reflect on the effect of adding the fins.
Solutions

a) U, = 249W/m?K

b) U, = 1138W/m?K
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Solution

Bzgen eSONpr kWit fins
-
he= hy=200WmtK ~ T2mmsy N=16

Assumptions: (1) Negligible fouling, (2) Negligible contact resistance between fins and tube wall,
(3) hy, is not affected by fins, (4) one-dimensional conduction in fins, (5) adiabatic fin tip.

Analysis:
1 1 D,L ln(Do/Dl) Ac
— = + +
Ueo  (moh)e 2k (nohA)p,
Without fins: 1o = 1nopn = 1
1 1 (0.02m) In(26,/20) 1 20
U. 8000W/m2K 100W/mK 200W/m?2K 26

=4.02 x 1073m?*K/W
Ue = 249W/m?* K
With fins: o =1, no, =1 — (Ay/A)(1 — ny) per unit length along the tube axis
Ap=N(2L; +t)L = 16(0.03 4 0.002) L = 0.0512L m?
Ay = Ay + (piD, — Nt)L = (0.512 + 0.0497) L = 0.5617L m?
with m = (2h/kt)/2 = (400W/m2K /50W/mK x 0.002m)"* = 63.3m~" and so:

mL; = (63.3m1)(0.015m) = 0.95

Thus,
tanh(mLy)  0.739

= = 0.778
mLy 0.95

ny =

The overall surface efficiency is then

Mo =1— (As/Ap)(1—ng) =1 — (512/561.7)(1 — 0.778) = 0.798

Hence,

1
= <1.25 x 1074 +525 x 107° +

C

7(20)
0.798(200)561.7

>m2K/W =8.78 x 107 *m2K/W

Ue = 1138W/m*K



Heat and Mass Transfer ME-341
Prof. Giulia Tagliabue EXERCISE SET 10 E P F L
EPFL-STI-GM-LNET

Exercise 10.2

A type-302 stainless steel tube of inner and outer diameters D; = 22mm and D, = 27mm, respectively,
is used in a cross-flow heat exchanger. The fouling factors, R’f for the inner and outer surfaces are

estimated to be 0.0004 and 0.0002m?K /W, respectively.

Fouling R[l,/o fTube, SS302
factors
Ry,
{ X
Water >

20 m/s

- V =
A
T 15

o

After depicting the thermal resistance circuit of the considered system:

a) Determine the overall heat transfer coefficient based on the outside area of the tube, U,. Compare
the thermal resistances due to convection, tube-wall conduction and fouling.

Hint: initially assume that the temperature of the outer surface of the tube is Ty, = 315K.
Verify at the end of the exercise whether this assumption was reasonably accurate. Also, assume
that the flow inside the tube is fully developed.

b) Instead of air flowing over the tube, consider a situation for which the cross-flow fluid is water
at 15°C with a velocity of V,, = 1m/s. For this case assume T, = 292K as it is expected that
the convection effects will be stronger in water. Determine the overall heat transfer coefficient
based on the outside area of the tube U,. Compare the thermal resistances due to convection,
tube-wall conduction and fouling.

Hint: determine first the conditions of flow on the inner and outer sides of the tube and select
the appropriate correlations for the convection coefficient.

Solutions
Rcv,i Rf,i Rw Rf,o Rcv,o Uo Rtot
0.00436 | 0.00578 | 0.00216 | 0.00236 | 0.1134 | 92.1 | 0.128
a)
Rcv,i Rf,i Rw Rf,o Rcv,o Uo Rtot
0.00436 | 0.00579 | 0.00216 | 0.00236 | 0.00240 | 691 | 0.0171
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Solution

R, = 0.0002 m?-K/W Tube, SS302, k,,
Fouling ' \
faclors

R" ;= 0.0004 m?-K/W 7

_’

Tpni=75°C

—_—

Um,i=0.5m/s

| I ! D, =27 mm
V, =20 mis D;=22 mm

Assumptions: (1) steady-state conditions, (2) fully developed internal flow.
Properties: Table A.1, Stainless steel, AISI 302 (300K): k,, = 15.1W/mK.

Table A.6, Water (Ty,;): pi = 974.8kg/m3, p; = 3.746 x 107*Ns/m?, k; = 0.668W/mK, Pr; =
2.354.

Table A.4, Air (assume Ty, = 315K, latm): k, = 0.02737TW/mK, v, = 17.35 x 107%m?/s, Pr, =
0.705.

Analysis:

a) For the water-air condition, the overall coefficient based upon the outer area can be expressed as
the sum of the thermal resistances due to convection (cv), tube wall conduction (w) and fouling

(f):

1
Uvo = Rtot = Rcv,i + Rf,i + Rw + Rf,o + Rcv,o
1 1 iy R/fo In(D,/D;)
ith cvg — T s Llev,o = = i= o= —— d w = T o_711.  °
with R, A Ry, A Ry, A Ry, A and R orlk,

The convection coefficients can be estimated from appropriate correlations.

Estimating h;: In this case we have internal forced convection in a smooth tube of circular cross
section. Having assumed fully developed flow we still need to determine the flow conditions
(laminar/turbulent etc.) hence we calculate the Re number. Evaluating the thermophysical
properties at Tj, ; :

umyiDi O5m/s x 0.022m

= = 28625 > 2300
v; 3.746 x 10~*Ns/m?2/974.8kg/m3

ReDﬂ- =

Therefore the flow is turbulent and we need to use the (Dittus-Boelter) correlation:
Nup,; = 0.023 Re}5; Pr)? = 0.023(28625)"%(2.354)% = 109.3

D, 0.022m

hi = 3313W/m*K
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Estimating ho: For external flow, we have forced convection around a cylindrical

tube. We characterize the flow with:

V,D, _ 20m/s x 0.027m _ 31194 Tmi
Vo 17.35 x 1075m?2/s

Rep, =

We evaluate the thermophysical properties of the fluid at Ty, = 315K. E
Note: the more precise evaluation of the thermophysical properties should be

done at the average fluid temperature, i.e. the mean value between the free B
flow temperature T;, and the wall surface (outside of the fouling layer), i.e. T,

Tto = (Ts,0+T,)/2. The surface temperature 7%, o is determined from the thermal

circuit analysis result (see sketch on the left): Ts,r.é

Tm,i - To o Ts,o - To To C
Rtot Rcv,o

After solving the exercise you can verify whether the approximation of Ty, = T},
is reasonable or not: calculate the heat transfer from the inner to the outer fluid
and then determine T ,.

Because we are interested in the average value of the convection coefficient, for cross-flow around
a cylinder we use the Churchill-Bernstein correlation which is valid at any value of Rep:

0.62Rej.” Pry/?

4/5
o Rep., \*/®
Nup, = 0.3+ : 1+( : )

[1+ (O.4/Pro)2/3}1/4 [ 282000

4/5
o 062(31120)12(0.705) 4 [/ 31124 I 109.6
14 (0.4/0.705)2/3] /4 282000 -

_ Nup,k,  102.6 x 0.02737W/mK
D, 0.027m

ho = 104.0W/mK

Using the above values for h; and h, and other prescribed values, the thermal resistances in
[K/W] and overall coefficient in [W/m?K] can be evaluated and are tabulated below:

Rcv,i
0.00436

Ry
0.00578

Ry,
0.00216

Ry,
0.00236

Rcuo
0.1134

Us
92.1

Rtot
0.128

The major thermal resistance is due to outside air convection, accounting for 89% of the total
resistance. The other thermal resistances are of similar magnitude, nearly 50 times smaller than
Rcv,o'

For the water-water condition, the method of analysis follows that of part (a). For the internal
flow, the estimated convection coefficient is the same as part (a). For an assumed outer film
coefficient, T t0 = 292K, the convection correlation for the outer water flow condition V,, = 1m/s
and T, = 15°C, find:

Repo = 26260,  Nup, =220.6,  ho = 4914W/m2K
The thermal resistances in [K/W] and overall coefficient in [W/m?K| are tabulated below:

Rcv,i
0.00436

Ry
0.00579

Ry
0.00216

Ry
0.00236

Rcv,o
0.00240

Uo
691

Rtat
0.0171

Note that the thermal resistances are of similar magnitude. In contrast with the results for the
water-air condition of part (a), the thermal resistance of the outside convection process, Ry o, is
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nearly 50 times smaller. The overall coefficient for the water-water condition is 7.5 times greater
than that for the water-air condition.
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Exercise 10.3

A recuperator is a heat exchanger that heats the air used in a combustion process by extracting energy
from the products of combustion (the flue gas). Consider using a single-pass cross-flow heat exchanger
as a recuperator.

Eighty silicon carbide ceramic tubes (k = 20W/mK) of inner and outer diameters equal to 55mm
and 80mm respectively, and of length L = 1.4m are arranged as an aligned tube bank of longitudinal
and transverse pitches S;, = 100mm and St = 120mm, respectively. Cold air is in cross flow over
the tube bank with upstream conditions of V' = 1m/s and T.; = 300K, while hot-flue gases of inlet
temperature T}, ; = 1400K pass through the tubes. The tube outer surface is clean while the inner
surface is characterized by a fouling factor of ch = 0.0002m2K/W. The air and flue gas flow rates
are m, = lkg/s and my, = 1.05kg/s, respectively.

Use the following assumptions:
a) evaluate all required air properties at latm and 300K
b) assume the flue gas to have the properties of air at latm and 1400K

c) assume the tube wall temperature to be at 800K for the purpose of treating the effect of variable
properties on convection heat transfer.

d) assume fully developed flow inside the tubes

Determine the overall heat transfer coeflicient referred to the internal surface.

fhﬁ !ﬁcl chﬁ,‘, l l lV, TCJ
g |
Flue A I‘:.;‘ §§§\ ?:‘3.0
= w T 000
000 -
Furnace O O O —:
~| Sp ]
Fuel Lir

Solutions

e h; =31.1W/m?K, h, = 33.6W/m?K, U; = 18.6W/m?*K
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Solution

V=1mis
. . Tubek 20 WimK, /l
My, = 1.05 kg/s D, =80 mm, D_Rsmm\‘m ) )

,//_"-‘G = 1.0 kg/s =~

T = 1400 K _
rRe=zximziow, O O ®
i O Is* =100 mm
L=14mN=80—) ()

T, i = 300K |——-| Sy=120mm

Assumptions: (1) Negligible heat loss to surroundings, (2) Air properties are those of atmospheric
air at 300 K, (3) Gas properties are those of atmospheric air at 1400 K, (4) Tube wall temperature
may be approximated as 800 K fro treating variable property effects.

Properties: Table A-4, Air (1 atm, T = 300K) : v = 15.89 - 10~%m/s,c, = 1007J/kg, K,k =
0.0263W/m - K, Pr = 0.707; (T = 1400K) : u = 530 - 10~ "kg/s - m,c, = 1207J /kg, k = 0.091W/m -
K, Pr =0.703; (T = 800K) : Pr = 0.709

Analysis: (a) With capacity rates of C. = 1ecp. = lkg/s x 1007J/kg - K = 1007TW/K = Ciin

and Cj, = myc,n = 1.05kg/s x 1207J /kg - K = 1267W /K = Crax, Cmin/Cmax = 0.795. The overall
coefficient is

"

11 Rf; In(Do/Dy) 1
UA WAy A (27kL)N  hoA,

For flow through a single tube (consider that the total mass flow rate is flowing around all the 80
tubes of the recuperator), we calculate Rep as follows:

Ariy, 4 % 1.05kg/s

R pu— pu—
D= NaDiy  80m(0.055m)530 - 10~ Tkg/s - m

= 5733 > 2300

Therefore the flow is turbulent. To determine the convection coefficient for internal forced convection
under fully developed and tubulent flow conditions we use the Gnielinski correlation,

(£/8) (Rep — 1000) Pr
1+ 12.7(£/8)1/2 (Pr2/3 - 1)

Nup = = 18.8

where f = (0.791n Rep — 1.64) 2 = 0.0370

h; = Nupk/D; = 18.8(0.091W /mK)/0.055m = 31.1W/m? - K

For the external flow over the tube bank, we need to determine the maximum velocity of the flow
and then Rep e, We note that we have to distinguish between the staggered and aligned tube
arrangement. In this case we have aligned arrangement and we calculate:

Vinax = [S1/ (ST — Do)] V = [0.12m/(0.12 — 0.08)m]1m/s = 3m/s

VmaxDO j— 3m/s(008m) —
Rep max = =290 = 158910 om?/s — 195 100

We then use the Zukauskas correlation for a tube bank, as the Rep ynq, is within its validity range:

Nup = C(Rep maz)™ (Pr)3(Pr/Pry)/4

For Rep maz = 103 —2-10° and aligned tube banks we have: C' = 0.27 and m = 0.63. Therefore:
8
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Nup = 0.27(15,100)%3(0.707)%-36(0.707/0.709) /4 = 102.3
h, = NuD (k/D,) = 102.3(0.0263W /mK)/0.08m = 33.6W /m? - K

Hence, based on the inner surface, the overall coefficient is

1 1 Di In (Do/Di) Di
- R”‘
U b T 5%k | Doh,
1 0.055 1n(0.08/0.055) 0.055 ,
—~ — (0.0322 + 0.0002 K/W
U; ( * * 40 T oosxase) ™ K
Ui = [0.0322 + 0.0002 + 0.001 + 0.0205m? - K/W] " = 18.6W/m? - K
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Exercise 10.4 FOR REVISION

Saturated water at latm and velocity 2m/s flows over a cylindrical heating element of diameter
dSmm.

a) What is the maximum heating rate [IW/m] for nucleate boiling?

b) How much is the maximum heat flux [W/m?] enhanced compared to just pool boiling? (Hint:
Assume it can be treated as a large horizontal cylinder).

Solutions
8) Gag = 68KW/m
b) Gee = 1.10TMW /m?

10
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Solution

V=2m/s Ts >Tsar

Assumptions: Nucleate boiling in the presence of external forced convection.

Properties: Table A-6, Water (1 atm): Tgy = 100°C, p, = 957.9kg/m?3, p, = 0.5955kg/m3 H =
2257k]J /kg, o = 58.9 - 1073N/m

Analysis: To solve this problem we have to refer to forced convection boiling. We see that in such
a case to calculate the maximum heat flux there are two options, low velocity and high velocity case.
We start by assuming high velocity and we need to later verify whether the obtained heat flux value
satisfies the condition for the validity of this correlation. Thus we have:

1 (e 3/4+ L (e 1/2 - 1/3
169 19.2 py V2D

"o pvhfgv

max ~

™

Substituting numerical values, find

3/4
— 10.5955kg/m? x 2257 - 10% /kg x 2m/s | 1k ($35%)"" +

L (9519 )1/2 58.9x10~3N/m 1/3]
0.5955 0.5955kg/m>(2m/5)20.005m

qm ax

19.2

= 4.331MW /m?

qmax

The high-velocity assumption is satisfied if

1/2
Qs _ 0275 <m>/ O
Py

pvhfgv ™
4.331 x 105W /m? gy o 0275 (9579 S sl
0.5955kg/m3 x 2257 - 103J /kg x 2m/s 0.5955 o

The inequality is satisfied. Using the g/ .. estimate, the maximum heating rate is

7D = 4.331MW /m? x 7(0.005m) = 68.0kW /m

qrnax = qmax

For nucleate pool boiling we have to use:

[Ug (P —pv)]1/4

2
v

q;/nax = Chfgpv

where for large horizontal cylinders
C=m/24=0.131

11
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Substituting we obtain:
A e = 1.107TMW /m?

and therefore the effect of the forced convection is to increase the critical heat flux by 4.331/1.107=3.91
over the pool boiling case.

12



