PROBLEM 7.2
KNOWN: Temperature and velocity of engine oil. Temperature and length of flat plate.

FIND: (a) Velocity and thermal boundary layer thickness at trailing edge, (b) Heat flux and surface
shear stress at trailing edge, (c) Total drag force and heat transfer per unit plate width, and (d) Plot the
boundary layer thickness and local values of the shear stress, convection coefficient, and heat flux as a
functionof xforO<x<1m.

SCHEMATIC:

;

t —
Uss=0.1m/s > < -/I Ts=20°C
T.=1000°C
*° Lx L=I1m

ASSUMPTIONS: (1) Critical Reynolds number is5 x 10°, (2) Flow over top and bottom surfaces.

PROPERTIES: Table A5, Engine Oil (T; = 333 K): p =864 kg/m® v =86.1 x 10° m?/s, k = 0.140
W/mIK, Pr = 1081.

ANALYSIS: (@) Calculate the Reynolds number to determine nature of the flow,
_ Uk _  0.1m/sx1m

1161
v 86.1x10%m?/s

Re|

Hence the flow islaminar at x = L, from Egs. 7.19 and 7.24, and

& =5L Re[ Y2 =5(1m)(1161) Y2 =0.147m <
& = 5P Y3 =0,147m(1081) Y3 =0.0143m <

(b) Thelocal convection coefficient, Eq. 7.23, and heat flux at x = L are

hy = %0.332 Rel/2prl/3 = %0332 (1161)" 2 (1082)Y/3 =16.25W/m? &

a0 =hy (Ts ~Teo ) =16.25W/m? [K (20 ~100)° C = -1300W/m? <
Also, thelocal shear stressis, from Eq. 7.20,

ToL = % 0.664Re Y2 = M (0.1mys)? 0.664(1161) /2

rg| =0.0842kg/m3? =0.0842N/m? <

(c) With the drag force per unit width givenby D' =2LTg | where the factor of 2 isincluded to account
for both sides of the plate, it follows that

D'=2L (pufo /2)1.328Re[1’ 2 = (1m)864kg/m® (0.1m/s)? /2 1.328(1161) /2

=0337N/m <

For laminar flow, the average value ﬁL over thedistance O to L istwice the local value, h,,
h, =2h_ =325W/m? K
Thetotal heat transfer rate per unit width of the plateis
q = 2Lhy (T~ Teo) =2(1m)32.5W/m? [K (20 ~100)° C = -5200W/m <
Continued...



PROBLEM 7.2 (Cont.)

(c) Using IHT with the foregoing equations, the boundary layer thickness, and local values of the
convection coefficient and heat flux were calculated and plotted as a function of x.
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Distance from leading edge, x (m)

—— BL thickness, deltax * 10 (mm)
—*— Convection coefficient, hx * 100 (N/m"2)
—6— Heat flux, - q"x (W/m"2)

COMMENTS: (1) Notethat sincePr>>1, d>>&. Thatis, for the high Prandtl liquids, the velocity
boundary layer will be much thicker than the thermal boundary layer.

(2) A copy of the IHT Workspace used to generate the above plot is shown below.

/I Boundary layer thickness, delta

delta=5*x* Rex *-0.5

delta_mm = delta * 1000

delta_plot = delta_mm * 10 /I Scaling parameter for convenience in plotting

/I Convection coefficient and heat flux, q''x
g"x = hx * (Ts - Tinf)
Nux = 0.332 * Rex"0.5 * Pr’(1/3)

Nux = hx *x/k
hx_plot = 100 * hx /I Scaling parameter for convenience in plotting
g"x_plot=(-1)*qg"x /I Scaling parameter for convenience in plotting

/I Reynolds number
Rex = uinf * x / nu

/I Properties Tool: Engine oil
/I Engine Oil property functions : From Table A.5
/I Units: T(K)

rho = rho_T("Engine Oil",Tf) /I Density, kg/m”"3

cp = cp_T("Engine Oil",Tf) /I Specific heat, J/kg-K

nu = nu_T("Engine Oil",Tf) /I Kinematic viscosity, m"2/s

k = k_T("Engine Oil",Tf) /I Thermal conductivity, W/m-K
Pr = Pr_T("Engine Oil",Tf) /I Prandtl number

/I Assigned variables

Tf=(Ts + Tinf) / 2 /I Film temperature, K

Tinf = 100 + 273 /I Freestream temperature, K
Ts =20+ 273 /I Surface temperature, K
uinf = 0.1 /I Freestream velocity, m/s

x=1 /I Plate length, m



PROBLEM 7.18

KNOWN: Square solar panel with an area of 0.09 m2 has solar-to-electrical power conversion
efficiency of 12%, solar absorptivity of 0.85, and emissivity of 0.90. Panel experiencesa4 m/s

breeze with an air temperature of 25°C and solar insolation of 700 W/mz.
FIND: Estimate the temperature of the solar panel for: (a) The operating condition (on)
described above when the panel is producing power, and (b) The off condition when the solar

array isinoperative. Will the panel temperature increase, remain the same or decrease, al other
conditions remaining the same?

SCHEMATIC:

Qov 08Gs  eEp(Ts)

Ag = 0.09 m2
O = 0.85 '\ j f f Ts. As
€=0.90 EEELEELEECE -

=129 7
T, = 250G Nl = 12% Do,

Up =4 m/s /// PelecJ

ASSUMPTIONS: (1) Steady-state conditions, (2) The backside of the panel experiences no heat
transfer, (3) Sky irradiation is negligible, and (4) Wind isin paralld, fully turbulent flow over the
panel.

PROPERTIES: Table A-4, Air (Assume T; = 300K, 1 atm): v = 15.89 x 10°° m%/s, k = 0.0263
W/miK, Pr = 0.707.

ANALYSIS: (a) Perform an energy balance on the panel as represented in the schematic above
considering convection, absorbed insolation, emission and generated electrical power.

Gg = 700 W/m? 371& Solar panel, Tg

Ein —Eout +I.Egen =0

Qv + 57868 _EO-TSZ}EAS —Paec =0 N
Using the convection rate equation and power conversion efficiency,
Aev =hLAs(Ts ~Too ) Palec =NedsGsAs (23

The average convection coefficient for fully turbulent conditionsis
Nu, =hL/k=0.037 Re}/°Prt/3

Re| =UgL /v =4m/sx0.3m/15.89x10 ®m? /s =7.49 x10*
_ 4 415 1/3
AL = (0.0263 W/mIK /0.3m) <0037 x(7.49 x10%) " (0.707)

h. =230 W/m? K
Substituting numerical valuesin Eq. (1) using Egs. (2 and 3) and dividing through by Ag, find Ts.
Continued .....



PROBLEM 7.18 (Cont.)

23 W/m? K (Tg - 298)K +0.85x700 W /m? -0.90 x5.67 x10"°W /m? K474

-0.12 5).85 x700 W/ ng =0 @)

Tg=302.2 K =29.2°C <

(b) If the solar array becomes inoperable (off) for reason of wire bond failures or the electrica
circuit to the battery is opened, the Pyec term in the energy balance of Eq. (1) is zero. Using Eq.
(4) withne=0, find

Tg=317°C <

COMMENTS: (1) Note how the electrical power Pgec is represented by the Egen terminthe
energy balance. Recall from Section 1.2 that Egen is associated with conversion from some form
of energy to thermal energy. Hence, the solar-to-electrical power conversion (Pgec) Will have a
negative sign in Eq. (1).

(2) It follows that when the solar array is on, afraction (ne) of the absorbed solar power (thermal
energy) is converted to electrical energy. As such, the array surface temperature will be higher in
the off condition than in the on condition.

(3) Note that the assumed value for Ts a which to evaluate the properties was reasonable.



PROBLEM 7.26

KNOWN: Velocity, initial temperature, and dimensions of aluminum strip on a production line.
Velocity and temperature of air in counter flow over top surface of strip.

FIND: (a) Differential egquation governing temperature distribution along the strip and expression for
outlet temperature, (b) Vaue of outlet temperature for prescribed conditions.

SCHEMATIC:

q <9 Tp=20°C “
T;=300°C T+dT \ T <t Up=10m/s
4 Ny
M y ¢ 1\—l> V =0.1m/s

— T
5=2mm7r L=5m ! dx x<—I To

ASSUMPTIONS: (1) Negligible variation of sheet temperature across its thickness, (2) Negligible
effect of conduction along length (x) of sheet, (3) Negligible radiation, (4) Turbulent flow over entire

top surface, (5) Negligible effect of sheet velocity on boundary layer development, (6) Negligible heat
transfer from bottom surface and sides, (7) Constant properties.

PROPERTIES: Table A-1, Aluminum, 2024-T6 (T, =500K):p = 2770kg/ mS, cp =983J/kg K,
k=186 W/mK. Table A-4, Air (p=1am, T; =400K): v = 264x10 °m? /s, k =0.0338W/m K,
Pr = 0.69

ANALYSIS: (@) Applying conservation of energy to a stationary control surface, through which the
sheet moves, steady-state conditions exist and E;, - E,; =0. Hence, with inflow due to advection

and outflow due to advection and convection,
PV AcCp (T +dT)=-pV AccpT —dq =0
+pV 8 W cpdT —hy (dx W) (T -Te ) =0

dT hy
—=+—X  (T-Ty ) <
dx ch‘Scp( ) @

Alternatively, if the control surfaceis fixed to the sheet, conditions are transient and the energy
balanceis of theform, -E; =Eg, Or

—hX(dXDVV)(T—Too):p(deVB)cp(i—I
ar__ Mx (T-Te)
dt  pocy *

Dividing the left- and right-hand sides of the equation by dx/dt and dx/dt = - V, respectively, equation
(1) isobtained. The equation may be integrated fromx =0to x =L to obtain

T dT _ L Mm Lh dXD
J.TOT_Too PV5CpB:IO X E

Continued .....



PROBLEM 7.26 (Cont.)

where h, = (k/x)0.0296Re;’ ° Prl/3 and the bracketed term on the right-hand side of the equation

reducesto h = (k/L)0.037 Re4/5 pri/3,
Hence,
nTi-Tol_ Lh
DT Too[] pVaocy

- il O
M =exp i <
(b) For the prescribed conditions, Re; = u,L /v =20m/sx5m/26.4 x107°m? /s =3.79 x10° and

) 415
. = J20338WImMEK Dy 137(379x108) " (0.69)Y/ 2 =40.5W / m?
L"H ™ sm H

5mx40.5W /m* (K O
T, = 20°C + (280°C)exp mx m® =213Cc <
2770kg/ m® x0.1m/sx0.002m x983J/ kg K
COMMENTS: (1) With T, =213°C, Ty

=530K and T; =411K areclose to values used to
determine the material properties, and iteration is not needed. (2) For arepresentative emissivity of

€=0.2and Ty, =T,, the maximum value of the radiation coefficient is

hy =eo (T; +Tgy )(Ti2 +T§Jr) =41W/m? [K <<h, . Hence, the assumption of negligible radiation
is appropriate.



PROBLEM 7.45
KNOWN: Pin fin of 10 mm diameter dissipates 30 W by forced convection in cross-flow of air with
Rep = 4000.
FIND: Fin hest rate if diameter is doubled while al conditions remain the same.
SCHEMATIC:

/.o’l / Leomy =30W
T3 )
\\I ARA LInfinH*ely long pin fin,

Re,=4000 D=10mm

ASSUMPTIONS: (1) Pin behaves as infinitely long fin, (2) Conditions of flow, as well as base and
air temperatures, remain the same for both situations, (3) Negligible radiation hesat transfer.

ANALYSIS: For aninfinitely long pin fin, the fin heet rate is
)1/2

af =Aconv = (ﬁPkAc db

whereP=pD and A¢ = pD2/4. Hence,
_ o\L/2
Qconv ~ (h DD ) -

For forced convection cross-flow over a cylinder, an appropriate correlation for estimating the
dependence of h on the diameter is

hD

L iy
Nup ==~ =CRef) pri/3 = c&DO 13

&n g

From Table 7.2 for Rep = 4000, find m = 0.466 and
h-D 1 ( D)0-466 —p 0534

It follows that

1/2
deony ~ (D- 0534 . >Dz) -pl23

Hence, withp ® D1 (10 mm) and ¢ ® D2 (20 mm), find

.1.23 .1.23
qzqugﬂg =30w®90  _704w. <
e Dl [} 810 (%]

COMMENTS: The effect of doubling the diameter, with al other conditions remaining the same, is
to increase the fin heat rate by afactor of 2.35. The effect is nearly linear, with enhancements due to

, . . 1.5 , , .
the increase in surface and cross-sectiona areas (D™ ) exceeding the attenuation due to a decrease in

the heat transfer coefficient (D_O'267). Note that, with increasing Reynolds number, the exponent m

increases and there is greater heat transfer enhancement due to increasing the diameter.



Addendum to Problem 7.45

Ignore everything after the average nusselt number expression in the book's solution.
Instead, either of the two following methods are correct.

Correct Method #1

For Rep; = 4000, From Table 7.2, C; =.193, m; = .618
For Rep, = 8000, From Table 7.2, C, =.193, m, = .618

qconvl = qconvz ~(D-1D.618DD2)1/2 — Dl.309
Geonvz =Qconvt (D2/D1)3% = 30W (20/10)*3%° = 74.3 W

Correct Method #2

For Rep; = 4000, From Table 7.2, C; = .683, m; = .466
hoverbari~D1 1C1D; %% = 683D, %%

Jeonvz ~ (.683D17%%*D;D,%)Y? = 826D, %

For D, = 2D, Rep, = 2Rep; = 8000, now from Table 7.2 C, C, =.193, m, = .618
hoverbarz~D2"CoD, ™ = 193D, %

Qoo ~ (193D %2D,D,2)12 = 439D,

Gooma/Geamn = (.439D,"%) /(.826D,*°) = (.439(20™"))/(.862(10"*) = 1.51

Oeonvz =30 W (1.51) =454 W



PROBLEM 8.12
KNOWN: Internd flow with congtant surface heet flux, qg

FIND: (a) Quditative temperature digtributions, T(x), under developing and fully-devel oped flow,
(b) Exit mean temperature for both stuations.

SCHEMATIC:

1

Cbbbb by s

Flow —»9_- l'j,__

SRR

= constant

ASSUMPTIONS: (a) Steady-state conditions, (b) Constant properties, (c) Incompressible flow.

ANALYSIS: Based upon the andysis leading to Eq. 8.40, note for the case of constant surface
heat flux conditions,

dTm _ constant.
dx

Hence, regardless of whether the hydrodynamic or thermal boundary layer isfully developed, it
follows that

Tm(x) is linear and

Tm,2 will be the same for dl flow conditions. <
The surface heat flux can dso be written, using Eq. 8.28, as

a¢=hgTs(x)- Tm(X)8:

Under fully-developed flow and therma conditions, h = hyq isacongtant. When flow isdeveloping h
> hg. Hence, the temperature distributions appear as below.

Fully developed, h constant, Tg (x)

7‘;17("); E(X) - /A%.Deve/op_;_ngz flow situation, Is(x)




PROBLEM 8.18
KNOWN: Laminar, dug flow in acircular tube with uniform surface heat flux.
FIND: Temperature distribution and Nusselt number.

SCHEMATIC:
"
\93:con51'

ASSUMPTIONS: (1) Steady, incompressible flow, (2) Constant properties, (3) Fully developed,
laminar flow, (4) Uniform surface heat flux.

ANALYSIS: Withv = 0for fully developed flow and T/{x = dTmy/dx = const, from Egs. 8.33 and
8.40, the energy equation, EQ. 8.48, reduces to
dTm_a 1 a$‘ﬂ To

dx ror &9 rf}
Integrating twice, it follows that
2

Ug

Ug dTm 1
T(r)==C =—M __ 4 /n(r)+Co-.
(r) ~ o 2 (r)+C2

Since T(0) must remain finite, C1 = 0. Hence, with T(rg) = Ts
2

Up dTm £ Up dT, 2 2
Cp=Tg-—2 —10 0 T(r)=Tg- 2 —M0 (r-r). <
27879 x4 ()S4adxo

From Eqg. 8.27, with Uy = Ug,

_ 2 o _ 2 o ¢ Up dT, 2 3\u
Tm=—% A Trdr== o §Tsr' O —Xm(rro-r)udr

'o o u
S 2 4 450 2
Tmzi g'r fo_Uo dTm ae&-h% _ Uofg dTm
2 g 2 4 d §2 4z 8a  dx
From Eq. 8.28 and Fourier’s law,
kI T
__9¢ _“qrlfo
Ts-Tm  Ts-Tm
hence,
kaelorot_j dTm
h= 828.2 ) dx :4_k:8_k N_uD :£:8_ <
s dTm o k

8a dx



PROBLEM 8.24

KNOWN: Inlet temperature and flowrate of oil moving through a tube of prescribed diameter and
surface temperature.

FIND: (a) Qil outlet temperature T, for two tube lengths, 5 m and 100 m, and log mean and arithmetic
mean temperature differences, (b) Effect of L on T, and Nup .

SCHEMATIC:

m= 0.5kg/s
Tpmi=25°C

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible kinetic energy, potential energy and flow
work changes, (3) Constant properties.

PROPERTIES: Table A4, Oil (330K): ¢, = 2035 JkgK, p = 0.0836 NI&/nv’, k = 0.141 W/mIK, Pr =
1205.

ANALYSIS: (a) Using Egs. 8.42b and 8.6

DL -
Tmo=Ts— (Ts T, eXpﬁ —h@
mep

Rep = 4 _ 4x0.5kg/s

5 =304.6
MDY 77x0.025m x0.0836N 3/ m

Since entry Iength effects will be significant, use Eq. 8.56
E_k Sg o5, 0:0688(D/L)Rep P 0 0.141W/mK ) g4 245x10%D/L 5
DL 1+004gD/L)Rep Pif °H  0025m O 14 205(D/L)? %

For L =5m, h=564(3.66+17.51) =119W/m? [K , hence

0
Tmo:100°C—(75°C) exp X 0025m><5mx119W/m —28.4°C <
’ 0.5kg/sx 2035J/kg (K
For L =100m, h=5.64(3.66+3.38) =40W/m? (K,  Tp,=44.9°C. <

Also, for L =5m,

=Bl 7167 g0 ATan = (8T, +4T;)/2=733C <
7 n(8Ty/ATy)  ¢n(71.6/75)
For L =100 m, ATy =645°C, ATy =65.1°C <

(b) The effect of tube length on the outlet temperature and Nusselt number was determined by using the
Correlations and Properties Toolpads of IHT.

Continued...



PROBLEM 8.24 (Cont.)
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The outlet temperature approaches the surface temperature with increasing L, but even for L = 100 m,

Tmoiswell below T.. Although N_uD decays with increasing L, it is still well above the fully developed
value of Nup ¢ = 3.66.

COMMENTS: (1) The average, mean temperature, 'T'm = 330 K, was significantly overestimated in
part (8). The accuracy may be improved by evaluating the properties at alower temperature. (2) Use of
ATaninstead of ATy, isreasonable for small to moderate values of (Tm, - Tmo). For large values of

(Tm'| - Tmyo), ATgm ShOUId be uw-



PROBLEM 8.69
KNOWN: Flow conditions associated with water passing through a pipe and air flowing over the pipe.

FIND: (a) Differential equation which determines the variation of the mixed-mean temperature of the
water, (b) Heat transfer per unit length of pipe at the inlet and outlet temperature of the water.

SCHEMATIC:

Tnsulati .
k2005 Wjm-K #=0.15m

ASSUMPTIONS: (1) Negligible temperature drop across the pipe wall, (2) Negligible radiation
exchange between outer surface of insulation and surroundings, (3) Fully developed flow throughout
pipe, (4) Negligible potentid and kinetic energy and flow work effects.

- 2
PROPERTIES: Table A-6, Water (T, j = 200°C): Co,w = 4500 JkgXK, my, =134 10 6 Ns/m
kw = 0.665 W/mX, Pry, = 0.91; Table A-4, Air (Ty =-10°C): ng=126" 10-6 m2/s, ka=10.023
W/mX, Prg=0.71, Prg» 0.7.

ANALYSIS: (a) Following the development of Section 8.3.1 and applying an energy baanceto a
differential element in the water, we obtain

mcpw Tm- dg- mcpw (Tm +dTym) =0.

Hence dg=-mcpw dTm
where dg = UidAj (Tm- Ty ) =Uijp DX (T~ Ty ).
Substituting into the energy balance, it follows that
dT, Up D
m . =B = (7 - Ty). @ <
dx mcp

The overal heat transfer coefficient based on the inside surface area may be evaluated from Eq. 3.30
which, for the present conditions, reduces to

1
Ui = . 2
'"1,D, aD+26 D 1 @
hy 2k & D g D+2t hg

For the inner water flow, Eq. 8.6 gives
4m 4" 2kgls
PDMy p(1m) 134710 6 kg/s>m

Rep = =19,004.

Continued .....



PROBLEM 8.69 (Cont.)

Hence, the flow is turbulent. With the assumption of fully developed conditions, it follows from Eq.
8.60 that

h = %W' 0023 R’ PrQ3 ©)
For the external air flow
V (D+2t 4 m/s(1.3m
Rep = (D+2) _ (6 2) =4.13"10°
n 12610 " m“/s
Using Eq. 7.31 to obtain the outside convection coefficient,
0.37 1/4
ho = o+ 2t) " 0.076 ReD Pra" (Pra/Prs)™ . 4
(b) The heat transfer per unit length of pipe at theinlet is
q¢=p D Uj (Tm; - Ty ). &)
From Egs. (3 and 4),
hj = 0'6651M' 0.023(19,004)*° (0.91)%3 = 39.4 W/im? K
m
0.023 W/m>xK 0.7
hp = ——o 0.076(4.13’ 105) (0.72)°3" ()14 =101 wim? .
(1.3m)
Hence, from Eq. (2)
] -1
e u
U=og— = y_im 630, ';g =0.37 W/im? xK
&39.4 Wim2» 0.1 W/m>xK €15 13 10.1W/m2 XK
and from Eq. (5)
qe=p (L m) (037 Wim?> ) (200+10)" C =244 Wim. <

Since Uj is a congtant, independent of x, Eq. (1) may be integrated fromx =0tox = L. Theresultis
anaogousto Eg. 8.42b and may be expressed as

Ty - T, 0 )
¥ MO gupes POL (2 gpr P AM SOM - 5724 0
Ty - Tmj é Mepw 5 & 2Kgs 4500 JkgxK b
Ty -
Hence ¥~ MO 0937,
T¥'Tm
Tmo =Ty +0.937(Tp - Ty ) =187°C. <

COMMENTS: Thelargest contribution to the denominator on the right-hand side of Eq. (2) is made
by the conduction term (the insulation provides 96% of the total resistance to hesat transfer). For this
reason the assumption of fully developed conditions throughout the pipe has a negligible effect on the

caculations. Since the reduction in Ty, issmdl (13°C), little error isincurred by evaluating all
properties of water at T j.



