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1. Whole milk at 293 K having a density of 1030 kg/m3 and viscosity bf 
2.12 cp is flowing at the rate ofO.605~kg/s in a glass pipe having a : 

diameter of63.5 mm. 
(a) Calculate the Reynolds nUmber. Is this turbulent flow? (10%) 
(b) Calculate the flow rate needed in m3Is for a Reynolds number of 
2100 and velocity in mls. (10%) 

2. Using the below figure, the lower plate is being pulled at a relative 
velocity of 0.40 mls greater than the top plate. The fluid used is water 

at 24"C (viscosity ofO.9142x10-3 Pa • s). 

(a) How far apart should the two plates be placed so that the shear 
stress't is 0.30 N/m2? Also, calculate the shear rate. (10%) 

(b) Ifoil with a viscosity of2.0x 10-2 Pa • s is used instead at the same. 

plate spacing and velocity as in part (a), what are the shear stress 

and the shear rate? (10%) 
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3. A fluid flowing in laminar'flow in the x direction between two parallel 
plates has a velocity profile given by the following 

Ux = Uxmax [ 1  (:rJ 
where 2yo is the distance between the plates, y is the distance from the 

center line, and Vx is the velocity in the x direction at position y. Derive an 
equation relating Vxav (bulk or average velocity) to Vxmax• (10%) 
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4. Consider a steam pipe of length L= 30 m, inner radius rl = 6 cm, 
outer radius r2 = 10 cm, and therrilal conductivity k=20 W/m.oC. The . 
inner and outer surfaces of the pipe are maintained at average 
temperatures of Tl = 180°C and T2 = 60°C, respectively. (12% all) 
(a). Assume: one-dimensional heat conduction in the r direction only, i.e. 
T = T(r) , steady-state, and there is no heat generation. The heat eql;1ation 
can be can be derived as: ' 

d (rdT)=O 

dr dr 


Together with the following boundary conditions: 
T(rl) = 1j and T(r2) =T2 

Derive that the temperature distribution inside the pipe is: 

T(r) = (T2 -1j) In(r/rl)+1j. 4% 
In(r2 / rl) 

(b). Calculate the heat flux at r =8 cm. 4% 
(c). Calculate the rate ofheat conduction through the pipe. 4% 

5. Heat conduction through composite walls (14% all) 
(a). As shown in the following figure, a composite wall is made up of 
three materials of different thicknesses, Xl - Xo , X2 - Xl' and X3 - X2 ' and 
different conductivities kol ' kl2 , and k23 • At X =Xo , substance 01 is in 
contact with a fluid at temperature Ta , and at X = X3, substance 23 is in 
contact with a fluid at temperature Tb • The convective heat transfer 
coefficients at the bound~ies x = Xo and x = X3 are ho and h3' 

respectively. 
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Assume: one-dimensional heat conduction in the x direction only, Le. 
T =T(x), steady-state, and there is no heat generation. Derive that the 
heat flux can be calculated by: 

qo =U(Ta -Tb ) 


where U, called the "overall heat transfer coeffi.cient," is given by: 

1 . 1 Xl - Xo X 2 - XI X3 - x2 1 	 501:-=-+ + + +-	 1'0 
U ho kOI kl2 k23 h3 

Hint: 


The energy balance equation ~q ::: 0 and the Fourier's law qx =-k dT . 
dx 	 x dx 

(b).'Now, consider only two layers. A composite wall is made up of two 

materials of different thicknesses, LI = 0.004 m and L2=0.01 m, different 

conductivities kl = 0.78 W/m.oC and k2= 0.026 W/m.oC, and same surface 

areas A= 1.2 m2

• The temperatures of the two fluid streams are Ta= 30°C 


and Tb = O°C. The convective heat transfer coefficients at the boundaries 

are ha= 10 W/m2.oC and hb= 40 W/m2.oC. Calculate: 


(i). The overall heat transfer coefficient U and the heat flux qo. 4% 

(ii). The temperatures at the boundaries of the two materials T}, T2 , and 

T3 • 5% 


Note: The temperatures are in the order of T. ~ T, ~ T, ~ T, ~ T,. W· 
Ia. 	% Tb 

l, L.l 

6. Air at 70 of (Tbl ) and 1 atm is to be pumped through a straight 2-in (D) 

Ld. tube at a rate of70 lbm/hr (w). A section of the ~be is to be he~ted to 
an inside wall tellJ.perature of 250 of (To) to raise the air temperature. The 

heated length is 20 ft (L). The physical properties of air are as follows: 
viscosity p =0.05 lbm/hr-ft, specific heat Cp =0.242 Btullbm-C>p, and 

thermal conductivity k= 0.018 Btu/hr-ft-oF. Calculate: (12% all) 
(a). The logarithmic mean heat transfer coefficient hln • 4% 
(b). The bulk temperature of air at the exit of the heated region Tb2 . 4% 
(c). The rate ofheat flow Q. 4% 
Hint: 
As shown in the following figure, a fluid flows through a circular tube of 
diameter D, in which there is a heated wall section of length L and varying 
inside surface temperature To (z), going from TO! to T02 ' The bulk 

temperature Tb of the fluid increases from Tbl to Tb2 in the heated 
section. 
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The logarithmic mean temperature difference 811n and the logarithmic 
mean heat transfer coefficient hln are defined as: 

Q= hill (Jl' D L) 8~n 
8Tln =:(To -Tb)ln =[(TOI- TbJ)-(To2 -Tb2)]/[ln(ToJ -TbJ)-ln(To2 -Tb2 )] 

where the rate ofheat flow Q can also be calculated by: 
Q W,Cp (Th2 -Till) 

hIll can be estimated by the following correlations: for highly 

turbulent flow (Re> 20,000), NUln =0.026 ReO.8 Pr 113 and for laminar 
flow, = 1.86(RePrDI L)1I3 • The dimensionless parameters are defmed NU III 

as: Pr Cpplk, Re=Dv"plp=4w/(Jl'Dp),and NUln=hlnDlk. 

7. As part of the manufacturing process for the fabrication of titanium
oxide-based solar panels, a layer of nonp~)fous titanium oxide must be 
reduced to metallic titanium, Ti, by hydrogen gas as shown in the 
following figure: (12% all) 

100% H2 gas at Z= 0 
----')I-... YH =1.0, YH 0 "" 0 

2 2 

z=o 
Nanoporous solid Ti layer T 

0.1 eM z=o 
~ 

The reaction at the TilTi02 boundary is given by: 
Ti0,a(s) + 2H2 (g) ~ Ti(s) +2H20(g) 

Let species A represent H2 (g) and species B represent H20 (g). Further 
assume: (1). The non-homogeneous reaction occurs only at the Ti02/Ti 
surface, i.e. there is no reaction occurring when species A (H2) diffuses in 
the Ti layer (RA=O) ; (2) The diffusion of species A (H2) is under steady 
state and one-dimensional (z-direction) conditions. 
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(a). Using the following boundary conditions: z = 0, YA = 1.0 and z = 0, 

YA = 0, derive that NA,z = e~AB . 6% 

Where e, DAB are the gas phase concentration and diffusivity, respectively. 
(b). Further consider a pseudo steady-state condition for the growth of the 
Ti layer (thickness 0). Using the following boundary conditions: t =0, 

0=01 and t = B, 0 = O2, derive that B = PlI / MTi (0/ _0\2). 6% 
eDAB 

Where PTi' MTr are the density and molecular weight ofTi, respectively. 
Hint: 
The general differential equation for mass transfer of species A: : 

ae aN aN aN-!!.+[ A.x + A,y + A,z] =RA 

at ax ay az 


Fick's equation of species A : 

dYANA.z =-eDAB --+YA(NAz +NBz )'dz " 


