PROBLEM 7.87

EKNOWN: An air duct heater consists of an aligned arrangement of electrical heating elements with §; =
St=24 mm, Ny = 3 and N7 = 4. Atmospheric air with an upstream velocity of 12 m/s and temperature of
252C moves i cross flow over the elements with a diameter of 12 mm and length of 250 num maintained
at a surface temperature of 350°C.

FIND: (a) The total heat transfer to the air and the temperature of the air leaving the duct heater, (b) The
pressure drop across the element bank and the fan power requirement, (¢) Compare the average
convection coefficient obtained in part (a) with the value for an 1solated (single) element; etplal.n the
relative difference between the results; (d) What effect would mcreasing the longitudinal and transverse
pitches to 30 mm have on the exit temperature of the air, the total heat rate, and the pressure drop?
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ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible rachation effects, (3) Negligible effect of
change in air temperature across tube bank on air properties.

PROPERTIES: Table A4 Aiwr(T;=298 1atm ) p=1.171kg/ m = lCID? .Tkg K; Air (T = (T; +
Te)d2=309K, 1atm) p=1. 1301{21113 cp=1007 I'kg K, n=1.89 x 10~ ‘\ s'm, k=0.02699 WmK
Pr = 0.7057; Air (T, = 623 K. 1 atm): Pr, = 0.687: Air (Tg=(T; + T,)2 =461 K, 1 atm): v=3373 x 10"
mJ.-".S_. k=10.03801 WmEK. Pr=0.686.

ANALYSIS: (a) The total heat transfer to the air 1s deternuned from the rate equation, Eq. 7.68.

q=N(hp7D ATy ) (1)

where the log mean temperature difference, Eq. 7.66. 1s
-T. T.-T,
ATggp == Tl/lnt s %) (2)
L-T, {TE_TG,]
and from the overall energy balance, Eq. 7.67.

T5 _TD _ E'Tn;p; .»TDN]E\]D | (3]
L-T | @VNTSTC) |

The properties p and cp n Eq. (3) are evalvated at the mlet temperature T;. The average convection
coefficient using the Zukauskus comrelation. Eq. 7.64 and 7.63,

~. _h 036 (p_ . 1114
Nup = TD =C ReD) g Pr =0 (Pr/Pyy) (4)
where C =027, m= 0.63 are determined from Table 7.7 for the aligned configuration with Sp/Sp =1>
3 . - -
0.7 and 10” < Rep yax = 10°. All properties except Pr; are evaluated at the anthmetic mean temperature
m = (Ti + To)/2. The maximum Reynolds number, Eq. 7.59, 1s
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PROEBLEM 7.87 (Cant.)
Rep max = OVmaxD/ 1 (3)

where for the aligned arrangement, the maximum velocity occurs at the transverse plane, Eq. 7.63,

. ST o,
\Y = V 6)
max S'[' _ D (

The results of the analyses for ST =51 = 24 mm are tabulated below.

Viax Repmax Nu D H]::i —“__'iT{ m q":. T,
(m/'s) [‘s’u'.-’m:-K} (°C) (W) °C)
24 1.723x104 96.2 216 314 7671 47.6 <
(b) The pressure drop across the tube bundle follows from Eq. 7.69,
[ a2 ia) -
AP:NLX_P“'"ma:("sz (7)
where the friction factor, f. and correction factor, . are determuned from Fig. 7.13 using Rep = 1.723
® IDJ_
f=0.2 7 =1

Substituting numerical values,

ﬂp:ixl[l.l?l kg.-’:113><[24 m.-"a}l.-"l iXD.2

Ap=195 N/m? <

The fan power requirement is
P=%Ap=VN715TLAp (8)

P=12m/sx4=x0024m=0250m=193 N/ 1112
P=56 W <

where 7 is the volumetric flow rate. For this calculation, p 1 Eq. (7) was evaluated at Ty,

(c) For a single element 1n cross flow, the average convection coefficient can be estimated using the
Churchill-Bernstein correlation, Eq. 7.54,

. : e 4 5
— - / /3 5/
Noo — bpD 03+ 0.62 Re%jz pl/3 _| Rep \'| 8 ©)
Nup =——=0. — |
k o374y 1 282,000 )
|:1—[\O.4.-' Pr)” } L

where all properries are evaluated at the film temperature, Ty=(T; + T,)/2. The results of the calculations
are

Rep = 4269 Nup, =334 hp) =106 W/m? K <
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PROBLEM 7.87 (Cont.)

For the 1solated element, HD.I =106 W/m" -K, compared to the average value for the array,

— e
hp =216 W/m" -K. Because the first row of the array acts as a turbulence gnid, the heat transfer

coefficient for the second and third rows will be larger than for the first row. Here, the arrav value 15
twice that for the 1solated element.

(d) The effect of increasing the longitudinal and transverse priches to 30 mm, should be to reduce the
outlet temperature, heat rate, and pressure drop. The effect can be explained by recognizing that the
maximum Reynolds number will be decreased, which in turn will result in lower values for the

convection coefficient and pressure drop. Repeating the calculations of part (a) for Sp = ST=30 mm,

find
Vinax ReD max Nu D H]:.‘J ATy q To
73
(m's) (Wm™-K) Y] (W) &)
12 146 x 104 86.7 193 317 6925 413

and part (b) for the pressure drop and fan power, find

f=0.18 r=1 Ap=122 N/m?> P=44 W
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