
CHAPTER 1 

FIRST-ORDER DIFFERENTIAL EQUATIONS 

SECTION 1.1 

DIFFERENTIAL EQUATIONS AND MATHEMATICAL MODELING 

The main purpose of Section 1.1 is simply to introduce the basic notation and terminology of 
differential equations, and to show the student what is meant by a solution of a differential 
equation. Also, the use of differential equations in the mathematical modeling of real-world 
phenomena is outlined. 

Problems 1-12 are routine verifications by direct substitution of the suggested solutions into the 
given differential equations. We include here just some typical examples of such verifications. 

3. If y1 = cos Zx and y2 = sin 2x, then y; = -2sin 2x and y; = 2cos 2x so 

y1~ = -4 cos 2x = - 4 y, and y; = - 4sin 2x = - 4 y
2

. 

and 

5. If y=ex-e-x, then l=e ... +e-x so y'-y = (ex+e-x)-(ex-e-i) = ze--'. Thus 

y' = y+2e-x. 

6 2x d -2x h , 2 -2i ,. 4 -2x , -2x 2 -2x d • If y1 = e- an y2 = x e , t en y1 = - e , y, = e , y 2 = e - x e , an 
,. 4 -2..- 4 -2.:r H Yi == - e + x e . ence 

and 

8. If y, =cosx-cos2x and y2 =sinx-cos2x, then y; =-sinx+2sin2x, 

Yi'=-cosx+4cos2x, and y~ =:cosx+2sin2x, y;=-sinx+4cos2x. Hence 
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and 

y;+ y, = (-cosx+4cos2x)+(cosx-cos2x) ::;: 3cos2x 

y;+ y
2 

= (-sinx+4cos2x)+(sinx-cos2x) = 3cos2x. 

x 2 y .. + 5x y' +4 y = x2 (-5x-4 + 6x4 ln x )+5x(x-3 -2x-3 ln x )+4(£2 In x) 

= (-5[2 +sx-2 )+( 6x-2 
- lOx-2 +4x-2 )In X = 0. 

13. Substitution of y = en into 3 y' = 2 y gives the equation 3r e'x = 2 erx that simplifies 

to 3r=2. Thus r=213. 

14. Substitution of y = e'x into 4 y" = y gives the equation 4r
2 

e'' = e'x that simplifies to 

4r2 =1. Thus r=±l/2. 

15. Substitution of y = e'x into y .. + y' - 2 y = 0 gives the equation r
2 
e'" + r en - 2 e'x = 0 

that simplifies to r 2 +r-2 = (r+2)(r-l) = 0. Thus r=-2 or r= 1. 

16. Substitution of y = en into 3 y' + 3 y' - 4 y = 0 gives the equation 

3r2e'1 +3re'x -4e'" = 0 that simplifies to 3r2 +3r-4 = 0. The quadratic formula then 

gives the solutions r = (-3±✓57)16. 

The verifications of the suggested solutions in Problems 17-36 are similar to those in Problems 
1-12. We illustrate the determination of the value of C only in some typical cases. 

17. C = 2 

18. C = 3 

19. If y(x) = Ce" -1 then y(O) = 5 gives C- I = 5, so C = 6. 

20. If y(x) = Ce-x +x-1 then y(O) = 10 gives C-1 = 10, so C = 11. 

21. C = 7 
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22. If y(x) = ln(x + C) then y(O) = 0 gives In C = 0, so C = I. 

23. If y(x) = ¼ x5 
+ C x-

2 
then y(2) = 1 gives the equation ¼ · 32 + C · ½ = I with solution 

C:;:;-56. 

C::: 17 24. 

25. lf y(x) = tan(x
2 + C) then y(O) = 1 gives the equation tan C = 1. Hence one value 

of C is C = n I 4 (as is this value plus any integral multiple of n). 

26. Substitution of x = n and y = 0 into y = (x+C)cosx yields the equation 
0 = (Jr +C)(-1), so C = -n. 

27. I 
y = x+ y 

28, Theslopeofthelinethrough (x,y) and (x/2,0) is y' = (y-O)l(x-x/2) = 2y/x, 

so the differential equation is x y' = 2 y. 

29. If m = y' is the slope of the tangent line and m' is the slope of the normal line at (x, y), 

then the relation mm'= -1 yields m' = 1 I y' = (y-1) /(x-0). Solution for y' then 
gives the differential equation (1- y) y' = x. 

30. Here m = y' and m' = Dx (x
2 + k) = 2x, so the orthogonality relation mm'= -1 gives 

the differential equation 2x y' = - I. 

31. Theslopeofthelinethrough (x,y) and (-y,x) 1s y' = (x-y)l(-y-x), so the 
differential equation is (x + y) y' = y - x. 

In Problems 32-36 we get the desired differential equation when we replace the "time rate of 
change" of the dependent variable with its derivative, the word "is" with the::; sign, the phrase 
"proportional to" with k, and finally translate the remainder of the given sentence into symbols. 

32. dP/dt = k✓P 

33. dvldt = k v2 

34. dv I dt = k(250-v) 

35. dN I dt = k(P-N) 

36. dN I dt = kN(P-N) 
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37. y(x) = 1 or y(x) = x 

38. y(x) = ex 

39. y(x) = x2 

40. y(x) = 1 or y(x) = -1 

42. y(x) = cos x or y(x) = sin x 

43. 

44. 

(a) y(l0) = 10 yields 10 = I /(C-10), so C = 101/10. 

(b) There is no such value of C, but the constant function y(x) == 0 satisfies the 

conditions y' = y2 and y(O) :::: 0. 

(c) It is obvious visually that one and only one solution curve passes through each 
point (a,b) of the .xy-plane, so it follows that there exists a unique solution to the initial 

value problem y' = y2, y(a) =b. 

(b) Obviously the functions u(x) = - x 4 and v(x) = + x4 both satisfy the differential 

equation xy' = 4y. Buttheirderivatives u'(x)=-4x3 and v'(x)=+4x
3 match at 

x = 0, where both are zero. Hence the given piecewise-defined function y(x) is 
differentiable, and therefore satisfies the differential equation because u(x) and v(x) do 
so (for x $ 0 and x ~ 0, respectively). 

(c) If a~ 0 (for instance), chose C0 so that C0 a
4 = b. Then the function 

j[ X $ 0, 

if X 20 

satisfies the given differential equation for every value of C. 

SECTION 1.2 

INTEGRALS AS GENERAL AND PARTICULAR SOLUTIONS 
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This section introduces general solutions and particular solutions in the very simplest situation 
- a differential equation of the form y' = f (x)- where only direct integration and evaluation 

of the constant of integration are involved. Students should review carefully the elementary 
concepts of velocity and acceleration, as well as the fps and mks unit systems. 

1. Integration of y' = 2x + l yields y(x) = f (2x + I) dx = x 2 + x+ C. Then substitution 

of x=O, y=3 gives 3 = O+O+C = C, so y(x) = x 2 +x+ 3. 

2. Integration of y'=(x-2)2 yields y(x) = f (x-2)2dx = t(x-2)3+C. Then 

substitution of x = 2, y = 1 gives 1 = 0 + C = C, so y(x) = + (x - 2)3. 

3. Integration of y' = ✓x yields y(x) = J ✓x dx = fxm + C. Then substitution of 

x=4, y=O gives O= 1~+C, so y(x) = f(x3I2 -8). 

4. Integration of y' = x-2 yields y(x) = f x-2 dx = -11 x + C. Then substitution of 

x=I, y=5 gives 5=-l+C, so y(x) = -1/x+6. 

5. Integration of y' = (x+ 2r1I2 yields y(x) = f (x+ 2)-112 dx = 2✓x+2 +c. Then 

substitution of x = 2, y:::: -1 gives -1 = 2- 2 + C, so y(x) = 2.J x+ 2 -5. 

6. Integration of y'=x(x
2 +9l2 yields y(x) = fx(x2 +9)112 dx- = f(x2 +9)312 +C. 

Thensubstitutionof x=-4, y=Ogives 0=f(5)3+C, so 

y(x) :::: ½[ (x2 +9)3'2 
- 125 J. 

7. Integration of y~ = 10/(x2 + 1) yields y(x) == J IOl(x2 + l) dx- = lOtan-1 x + C. Then 

substitution of x=O, y=O gives O=lO·O+C, so y(x) = 10tan-1 x. 

8. Integration of y' = cos 2x yields y(x) = f cos 2x dx = ½ sin 2x + C. Then substitution 

of x=O, y=1 gives l=O+C, so y(x) = ½sin2x+l. 

9. Integration of y'=1t.J1-x2 yields y(x) = f 11 ✓1-x2 dx- = sin-1 x+C. Then 

substitution of x=O, y=O gives O=O+C, so y(x) = sin-1 x. 

10. Integration of y' = x e-x yields 
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(when we substitute u:::; -x and apply Fonnula #46 inside the back cover to the 

textbook). Then substitution of x = 0, y = 1 gives 1 = -1 + C, so 

y(x) = -(x+l)e-x +2. 

11. If a(t) = 50 then v(t) = j50dt = 50t+v0 = 50t+10. Hence 

x(t) = Jcsot+JO)dt= 25t2 +10t+Xo = 25t
1

+10t+10. 

12. If a(t) = -20 then v(t)::::: J (-20)dt = -20t+v0 = -20t-15. Hence 

x(t) = j(-20t-15)dt= -10t2 -15t+x0 = -10t
2
-15t+5. 

13. If a(t) === 3t then v(t) = J3tdt = ft 2
+v0 = ½t

2
+5. Hence 

x(t) - Jc2 , 2 + 5)dt = .1,J + 5 t + X = l.t' + St - 2 2 0 2 • 

14. If a(t) = 2t+l then v(t) = j(2t+l)dt = t2
+t+v0 = t2

+t-7. Hence 

15. If a(t) = 2t+1 then v(t) = Jc21+l)dt = t
2

+t+Vo = t
2
+t-7. Hence 

16. If a(t) = 1/✓t+4 then v(t) = f 11 ✓t+4 dt = 2✓t+4+C = 2✓t+4-5 (taking 

C = -5 so that v(O) = -1 ). Hence 

(taking C = -29 I 3 so that x(O) = 1 ). 

17. If a(t) = (t+lf' then v(t) = J (t+l)-3 dt = -½(t+1r
2 
+C = -½(t+Ir

2 
+½ (taking 

C =½ so that v(O) = 0). Hence 
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(taking C =-½ so that x(0) =0). 

18. If a(t) = 50sin5t then v(t) = Jsosin5t dt = -10cos5t+C = -10cos5t (taking 

C = 0 so that v(0) = -10). Hence 

x(t) = J (-l0cos5t)dt::::: -2sin5t+C = -2sin5t+10 

(taking C = -10 so that x(O) = 8 ). 

19. v = -9.St + 49, so the ball reaches its maximum height (v = 0) after t = 5 seconds. Its 
maximum height then is y(5) = --4.9(5)2 + 49(5) = 122.5 meters. 

20. v = -32t and y = -16? + 400, so the ball hits the ground (y = 0) when 
r = 5 sec, and then v = -32(5) = -160 ft/sec. 

21. a = -10 rn/s2 and vo = 100 km/h = 27.78 mis, so v = -IOt + 27.78, and hence 
x(t) = -5t2 + 27.78t. The car stops when v = 0, t "" 2.78, and thus the distance 
traveled before stopping is x(2. 78) = 38.59 meters. 

22. v = -9.St + 100 and y = --4.9t2 + lO0t + 20. 

(a) v = 0 when t = 100/9.8 so the projectile's maximum height is 
y(I00/9.8) = --4.9(100/9.8)2 + 100(100/9.8) + 20 = 530 meters. 

(b) It passes the top of the building when y(t) = --4.9? + lOOt + 20 = 20, 
and hence after t = 100/4.9 = 20.41 seconds. 

(c) The roots of the quadratic equation y(t) = --4.9t2 + 100t + 20 = 0 are 
t = -0.20, 20.6 l. Hence the projectile is in the air 20.61 seconds. 

23. a = -9.8 rn/s2 so v = -9.8 t- 10 and 

The ball hits the ground when y = 0 and 

V = -9.8 t- JO:; -60, 
so t = 5.10 s. Hence 

2 Yo = 4.9(5.10) + 10(5.10) = 178.57 m. 

24. v = -32t-40 and y = -16r2-40t+555. Theballhitstheground (y = 0) 
when t = 4.77 sec, with velocity v = v(4.77) = -192.64 ft/sec, an impact 
speed of about 131 mph. 
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25. Integration of dvldt;;; 0.12 i3 + 0.6 t, v(O) ;;: 0 gives v(I) = 0.3 r2 + 0.04 t3. Hence 
v(10) = 70. Then integration of dxldt;;; 0.3 r2 + 0.04 t3, x(O) = 0 gives 
x(t) = 0.1 t3 + 0.04 t4, so x ( IO) = 200. Thus after 10 seconds the car has gone 200 ft and 
is traveling at 70 ft/sec. 

26. Taking .xo = 0 and vo = 60 mph = 88 ft/sec, we get 

V ;: -at+ 88, 

27. 

and v = 0 yields t = 88/a. Substituting this value of t and x = 176 in 

x = -at2l2 + 88t, 

we solve for a = 22 ft/sec2
. Hence the car skids for t = 88/22 = 4 sec. 

If a = - 20 m/sec2 and x0 = 0 then the car's velocity and position at time t are given 
by 

V = -20t+ Vo, 2 X ;;; - 10 t + Vol. 

It stops when v = 0 (so v0 = 20t), and hence when 

X = 7 5 = -10 r2 + (20t)t ;;: 10 t2. 

Thus t = ..fi5 sec so 

v0 = 20..fi':s == 54.77 m/sec = 197 km/hr. 

28. Starting with .xo = 0 and v0 = 50 km/h = 5x I 04 rn/h, we find by the method of 
Problem 24 that the car's deceleration is a = (25/3)xl07 rn/h2

. Then, starting with x0 = 
O and v0 = 100 km/h = l 05 m/h, we substitute t = vol a into 

x = - at2 + vot 

and find that x = 60 m when v = 0. Thus doubling the initial velocity quadruples the 
distance the car skids. 

29. If v0 :::; 0 and Yo = 20 then 

8 

v = - at and y = -½at2+20. 

Substitution of t = 2, y = 0 yields a = IO ft/sec2
• If Vo = 0 and 

y0 == 200 then 

v = -10t and y = -5t2 + 200. 
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Hence y = 0 when t = /40 = 2../w sec and v = -20Jto = - 63.25 ft/sec. 

30. On Earth: v = -32t + v0, so t = vo/32 at maximum height (when v = 0). 
Substituting this value of t and y = 144 in 

y ;:; - I 6t2 + vot, 

we solve for v0 = 96 ft/sec as the initial speed with which the person can throw a baJI 
straight upward. 

On Planet Gzyx: From Problem 27, the surface gravitational acceleration on planet 
Gzyx is a = 10 ft/sec2

, so 

v = -lOt + 96 and y = -5t2 + 96t. 

Therefore v = 0 yields t = 9.6 sec, and thence Ymax = y(9.6) = 460.8 ft is the 
height a ball will reach if its initial velocity is 96 ft/sec. 

31. If v0 = 0 and Yo = h then the stone's velocity and height are given by 

v = - gt, y = --0.5 gt2 + h. 

Hence y = 0 when t = ,J2h/ g so 

32. The method of solution is precisely the same as that in Problem 30. We find first that, on 
Earth, the woman must jump straight upward with initial velocity v0 = 12 ft/sec to 
reach a maximum height of 2.25 ft. Then we find that, on the Moon, this initial velocity 
yields a maximum height of about 13.58 ft. 

33. We use units of miles and hours. If x0 = v0 = 0 then the car's velocity and position 
after t hours are given by 

V = at, I 2 X = 2 t. 

Since v = 60 when t = 5/6, the velocity equation yields a = 72 mi/hr2
. Hence the 

distance traveled by 12:50 pm is 

x = (0.5)(72)(516)2 = 25 miles. 

34. Again we have 
V :: at, X = ½ t2. 
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But now v = 60 when x = 35. Substitution of a = 60/t (from the velocity equation) 
into the position equation yields 

35 = (0.5)(60/t)(t2) = 30,, 

whence t = 7/6 hr, that is, l: JO p.m. 

35. Integration of y' = (9/vs)( 1 - 4x2
) yields 

and the initial condition y(-1/2) = 0 gives C = 3/v5• Hence the swimmer's trajectory 
is 

Substitution of y( 1/2) = 1 now gives Vs = 6 mph. 

36. Integration of y' = 3(1 - 16x4
) yields 

y = 3x- (48/5)x5 + C, 

and the initial condition y(-1/2) = 0 gives C = 6/5. Hence the swimmer's trajectory 
is 

y(x) = ( l/5)(15x - 48x5 + 6), 

so his downstream drift is y(l/2) = 2.4 miles. 

SECTION 1.3 

SLOPE FIELDS AND SOLUTION CURVES 

As pointed out in the textbook, the instructor may choose to delay covering Section 1.3 until later 
in Chapter l . However, before proceeding to Chapter 2, it is important that students come to 
grips at some point with the question of the existence of a unique solution of a differential 
equation - and realize that it makes no sense to look for the solution without knowing in 
advance that it exists. The instructor may prefer to combine existence and uniqueness by 
simplifying the statement of the existence-uniqueness theorem as follows: 

10 

Suppose that the function f (x, y) and the partial derivative ~f I ay are both 
continuous in some neighborhood of the point (a, b). Then the initial value 
problem 

dy 
- = j(x,y), 
dx 

y(a) = b 
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has a unique solution in some neighborhood of the point a. 

Slope fields and geometrical solution curves are introduced in this section as a concrete aid in 
visualizing solutions and existence-uniqueness questions. Solution curves corresponding to the 
slope fields in Problems 1-10 are shown in the answers section of the textbook and will not be 
duplicated here. 

11. Each isocline x - I = C is a vertical straight line. 

12. Each isocline x + y = C is a straight line with slope m = -1. 

13. Each isocline y2 = C ~ 0, that is, y = .Jc or y = -Jc, is a horizontal straight 
line. 

14. Each isocline efy = C, that is, y = C', is a horizontal straight line. 

15. Each isocline ylx = C, or y = Cx, is a straight line through the origin. 

16. Each isocline x2- - y2 = C is a hyperbola that opens along the x-axis if C > 0, along the 
y-axis if C < 0. 

17. Each isocline xy = C is a rectangular hyperbola that opens along the line y = x if 
C > 0, along y = -x if C < 0. 

18. Each isocline x - y2 = C, or y2 = x - C, is a translated parabola that opens along the 
x-axis. 

19. Each isocline y - x2 = C, or x2 = y- C, is a translated parabola that opens along the 
y-axis. 

20. Each isocline is an exponential graph of the fonn y = Cex. 

21. Because both /(x, y) = 2x2/ and iJJ I ay = 4x2
y are continuous everywhere, the 

existence-uniqueness theorem of Section 1.3 in the textbook guarantees the existence of a 
unique solution in some neighborhood of x = 1. 

22. Both / (x, y) = x In y and iJ/ I c)y = xly are continuous in a neighborhood of 
(1, 1), so the theorem guarantees the existence of a unique solution in some 
neighborhood of x = I. 

23. Both f ( x, y) = y11
-' and aJ I oy = ( I /3 )y -

213 are continuous near ( 0, 1 ), so the 
theorem guarantees the existence of a unique solution in some neighborhood of x = 0. 
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24. f(x,y) = y113 iscontinuousinaneighborhoodof (0,0), but a11ay = (1/3)y-213 is 
not, so the theorem guarantees existence but not uniqueness in some neighborhood of 
X = 0. 

25. f (x, y) = (x- y)112 is not continuous at (2, 2) because it is not even defined if y > x. 

Hence the theorem guarantees neither existence nor uniqueness in any neighborhood of 
the point x = 2. 

26. J (x, y) = (x - y) 112 and aJ I dy = -(1/2)(x - yf112 are continuous in a neighborhood 
of (2, 1 ), so the theorem guarantees both existence and uniqueness of a solution in some 
neighborhood of x = 2. 

27. Both f (x, y) = (x - 1/y and aJ I dy = -(x- 1)// are continuous near (0, 1), .so the 
theorem guarantees both existence and uniqueness of a solution in some neighborhood of 
X = 0. 

28. Neither J (x, y) = (x - I )/y nor aJ I Jy = -(x - 1 )ly2 is continuous near ( 1, 0), so the 
existence-uniqueness theorem guarantees nothing. 

29. Both f (x, y) = ln(l + /) and dj (i)y = 2y/(1 + y2) are continuous near (0, 0), so 
the theorem guarantees the existence of a unique solution near x = 0. 

30. Both f (x, y) = x2 
- y2 and dj I dy = -2y are continuous near (0, 1), so the theorem 

guarantees both existence and uniqueness of a solution in some neighborhood of x = 0. 

31. If f(x,y) = -(J - y2)1'2 then aJ ldy = y(l - ir112 is not continuous when y = 1, 
so the theorem does not guarantee uniqueness. 

32. The two solutions are Y1(x) = 0 (constant) and y2(x) = x3. 

35. The isoclines of y' == ylx are the straight lines y = Cx through the origin, and 
y' = C at points of y ;;: Cx, so it appears that these same straight lines are the solution 
curves of xy' = y. Then we observe that there is 

(i) a unique one of these lines through any point not on the y-axis; 
(ii) no such line through any point on the y-axis other than the origin; and 
(iii) infinitely many such lines through the origin. 

36. J(x, y) = 4xy1n and dj I dy = 2.xy-112 are continuous if y > 0, so for all a and all 
b > 0 there exists a unique solution near x = a such that y(a) = b. If b = 0 then the 
theorem guarantees neither existence nor uniqueness. For any a, both y1(x) = 0 and 
y2(x) = (x2 - c/)2 are solutions with y(a) = 0. Thus we have existence but not 
uniqueness near points on the x-axis. 
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SECTION 1.4 

SEPARABLE EQUATIONS AND APPLICATIONS 

Of course it should be emphasized to students that the possibility of separating the variables is 
the first one you look for. The general concept of natural growth and decay is important for all 
differential equations students, but the particular applications in this section are optional. 
Torricelli's law in the form of Equation (24) in the text leads to some nice concrete examples and 
problems. 

1. J; = -f 2xdx; in y = -x2 +c; ' ' y(x) = e-x-+c C -.r = e 

2. J :; = - J 2x dx; 
1 2 

y(x) -- = -x -C; = 
y x2 +C 

3. J; = f sinxdx; in y = -cosx+c; y(x) = e-cou+c = ce-COS_f 

4. 

5. 

6. 

7. 

9. 

f dy = f 4dx., -- lny = 4ln(1+x)+lnC; 
y l+x 

y(x) = C(l+x)4 

J dy - J dx . sin-1 y = ,J; + C; R- z✓x· y(x) = sin(Fx+c) 

ft = f 3--/x dx; 2,/Y = 2x"' + 2C; y(x) = (x312 +cf 

f :~1 = J 4x
113 

dx; f y 213 
= 3x

413 
+½ C; 

3/2 

y(x) = (2x413 +C) 

f; = f 1~d:2 = f (i:x + l~x )dx 
lny = ln(l+x)-ln(l-x)+lnC; y(x) = 

Section 1.3 
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Cl+x 
1-x 
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10. 

11. 

12. 

f 
dy f dx 

(1+y)2 - (l+x)2' 

l 1 
- - - = --

1+ y l+x 

- C = _ l +C(l+ x) 
l +x 

l +x 
l + y = ---­

l + C(l + .x)' 

y(x) = l+x _ 1 = x-C(l +x) 
t +C(l+x) l + C(l+ x) 

f 
dy = f x d.x- _ _ 1_ = x2 - C_ y(x) = (c - xi )-112 
y3 ' 2 / 2 2' 

13. Y 
4 

Y = J cos x dx; ¼ In ( y4 + 1) = sin x + C 
f 

3 d 
y +I 

14. 
y +l.y312 = x+l.x312 +C 

'.I 3 

15. 
2 1 1 

--+- =: ln\xl+ - + C 
y 3y3 

X 

16. f 
sin y dy = f xdx ; - ln(cosx) = ½ln (l+x2) + Jn C 
cosy 1 +x

2 

17. y' = J+x+ y +xy = (l+ x)(l+ y) 

I dy = Jo+ x)dx; mll+ yl = x +tx
2

+C 
l+ y 

- - = - - 1 ; tan y = ---x+C; f dy f ( 1 )dx - 1 1 
J+ y2 x2 

X 

19. f d: = J e" dx; In y = e" + Jn C; y(x) = Cexp(e-' ) 

y(O) = 2e implies C = 2 so y(x) = 2exp(e•') 
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20. f __EJ_ = f3x2 dx; tan-1 y = x 3 + C; y(x) = tan ( x~ + C) 
l+y2 

y(O) = 1 implies C = tan-' l = ,r / 4 so y(x) = tan ( x3 + ,r / 4) 

21. J 2 y dy = f x dx ; y2 = ✓ x1 
- I 6 + C 

✓x2 -16 

y(5)=2 implies C= l so y2 = 1 + ✓x2 -16 

22. f; = f(4x3 -l)dx; lny = .x
4 -x+JnC; y(x) = Cexp(x4 -x) 

y(l) = - 3 implies C = -3 so y(x) = -3exp(x
4 

- x) 

23. f _!!]_ = f dx; ½ln (2y- l) = x+½InC; 2y- l = Ce
2

x 

2y-1 

y(l) = l implies C = e-2 so y(x) = t{ 1 + ei:<-z) 

24. J dy __ J cos. xdx ·, ln y = ln(sin x) + In C; 
y s1nx 

y(x) = Csinx 

y(f) = 1} implies C = ½ so y(x) = tsinx 

25. f d; = f (~ +2x} ln y = ln x+x
2

+ lnC; y(x) = C xexp(x
2

) 

y(l) = 1 implies C = e-1 so y(x) = xexp(x2 -1) 

26. 

27. 

t 
- - = x2 + x3 + C; 

y 

1 
y(l) = -1 implies C = -1 so y(x) = - - - ­

l - x 2 -x3 

e Y = 3e2
x +C· 

' 

y (O) = 0 implies C = -2 so y(x) = In (3eix -2) 

28. f sec2 ydy = J 
2
j;; tany = ✓x+ C; y(x) =tan-1 (✓x +c) 
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y(4) = t implies C = -1 so y(x) = tan-'(-✓x -1) 

29. The population growth rate is k = ln(30000/25000)/10 = 0.01823, so the population 

of the city t years after 1960 is given by P(t) = 25000e001823
'. The expected year 2000 

population is then P( 40) = 25000eo.o,si3x4-0 >= 51840. 

30. Thepopulationgrowthrateis k = ln(6)/10"" 0.17918, sothepopulationafter t 

hours is given by P(t) = Po e017918
'. To find how Jong it takes for the population to 

double, we therefore need only solve the equation 2 P = Po e0
•
179

'
81 for 

t = (In 2)/0.17918 = 3.87 hours. 

31. As in the textbook discussion of radioactive decay, the number of 14C atoms after t 

years is given by N (t) == N0 e-<>·0001216
'. Hence we need only solve the equation 

¾N0 = N0 e--0
0001216

' for t = (ln6)/0.0001216 = 14735 years tofindtheageofthe 

skull. 

32. As in Problem 31, the number of 14C atoms after t years is given by 
N(t) = 5.0x1010 

e-0·
0001216

' . Hence we need only solve the equation 

4.6xl010 = 5.0xl0'0 e-<>·000121
<>

1 for the age t = (ln(5.0/4.6))/0.0001216"" 686 years 

of the relic. Thus it appears not to be a genuine relic of the time of Christ 2000 years 
ago. 

33. The amount in the account after t years is given by A(t) = 5000 e0081
. Hence the 

amount in the account after 18 years is given by A(20) = 5000e0
•
0sx20 

"' 21,103.48 
dollars. 

34. When the book has been overdue for t years, the fine owed is given in dollars by 
A(t) == 0.30e005

' . Hence the amount owed after 100 years is given by 

A(l 00) = 0.30 eo.oSxtoo ,,. 44.52 dollars. 

35. To find the decay rate of this drug in the dog's blood stream, we solve the equation 
½ :::: e-sk (half-life 5 hours) for k = On 2)/ 5 "'0.13863. Thus the amount in the dog's 

bloodstream after t hours is given by A(t) = Ao e--0.n1163
'. We therefore solve the 

equation A(l) = Ao e---0. nSG
3 = 50x45 = 2250 for Ao = 2585 mg, the amount to 

anesthetize the dog properly. 

36. To find the decay rate of radioactive cobalt, we solve the equation ½ = e-s.m (half-life 

5.27 years) for k == (]n 2)/ 5.27 = 0.13153. Thus the amount of radioactive cobalt left 

after t years is given by A(t) == Ao e--0·131531
. We therefore solve the equation 
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A(t) = Aoe-0
13153

' = O.OlAo for t= (In 100)/0.13153 ""35.01 and find that it will be 
about 35 years until the region is again inhabitable. 

37. Taking t = 0 when the body was formed and t = T now, the amount Q(t) of 238U in 
the body at time t (in years) is given by Q(t) = Q0e-k

1
, where k = (In 2)/(4.5Jx109). 

The given information tells us that 

Q(T) 

(J.o-Q(T) 
:::: 0.9. 

After substituting Q(T) = Q0e-kT, we solve readily for ekT = 19/9, so 
T = ( l/k)ln(l 9/9) = 4.86x109

• Thus the body was formed approximately 4.86 billion 
years ago. 

38. Taking t = 0 when the rock contained only potassium and t = T now, the amount 
Q(t) of potassium in the rock at time t (in years) is given by Q(t) = Q0e-k1, where 
k = (In 2)/(l.28xl09

). The given information tells us that the amount A(t) of argon at 
time t is 

A(t) == ¼[(1- Q(t)] 

and also that A(]) = Q(T). Thus 

{!o - Q(T) ::c 9 Q(T). 

After substituting Q(T) = {1e-kT we readily solve for 

T = (In IO/ In 2)(1.28 x 109
) = 4.25 x 109

. 

Thus the age of the rock is about 1.25 billion years. 

39. Because A = 0 the differential equation reduces to T' = kT, so T(t) = 25e-k1. The 
fact that T(20) =:: 15 yields k = (l/20)1n(5/3), and finally we solve 

5 = 25e-1c1 for t = (In 5)/k °" 63 min. 

40. The amount of sugar remaining undissolved after t minutes is given by A(t) = .4ae-k1
; 

we find the value of k by solving the equation A(l) = Aoe-k = 0.15Ao for 

k = -ln 0.75 = 0.28768. To find how long it takes for half the sugar to dissolve, we solve 

the equation A(t) = Aoe-kr:::: ½ Ao for t = (In 2) /0.28768,,, 2.41 minutes. 

41. (a) The light intensity at a depth of x meters is given by l(x) = /
0
e-1.

4
~. We solve 

the equation / (x) = / 0 e-14
" = ½ / 0 for x = (In 2) / 1.4 = 0.495 meters. 
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(b) At depth 10 meters the intensity is /(10) = /0e-1
•
4

"
10 = (8.32xl0-7

)/0 . 

(c) We solve the equation /(x) = 10e-i.4x. = 0.01/0 for x = (In 100)/1.4 = 3.29 meters. 

42. (a) The pressure at an altitude of x miles is given by p(x) = 29.92e--0 2
..r. Hence the 

pressure at altitude 10000 ft is p(I0000/5280) ""20.49 inches, and the pressure at 

altitude 30000 ft is p(30000/ 5280) ""9.60 inches. 

43. 

(h) To find the altitude where p = 15 in., we solve the equation 29.92e--0 2
, =15 for 

x = (In 29.92/15)/ 0.2 = 3.452 miles= 18,200 ft. 

(a) A' = rA + Q 

(b) The solution of the differential equation with A(O) = 0 is given by 

rA+Q = Qe". 

When we substitute A = 40 (thousand), r = 0.11, and t = 18, we find that 
Q = 0.70482, that is, $704.82 per year. 

44. Let N
8
(t) and N5 (t) be the numbers of 238U and 235U atoms, respectively, at time t (in 

billions of years after the creation of the universe). Then N8 (t) = N0e-k' and 

N 5(t) = N0e-<1, where N0 is the initial number of atoms of each isotope. Also, 

k = (In 2)/ 4.51 and c = (In 2)/0.71 from the given half-lives. We divide the equations 
for N

8 
and N5 and find that when t has the value corresponding to "now", 

N 
= - 8 

:= 137.7. 
N5 

Finally we solve this last equation for t = (In 137.7)/(c-k) ~ 5.99. Thus we get an 

estimate of about 6 billion years for the age of the universe. 

45. The cake's temperature will be 100° after 66 min 40 sec; this problem is just like 
Example 6 in the text. 

46. 

18 

(b) By separating the variables we solve the differential equation for 

c-r P(t) = (c- r P0 ) err_ 

With P(t) = 0 this yields 
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c = rPoer 1 /(ert- l ). 

With Po = 10,800, t = 60, and r = 0.010 we get $239.37 for the monthly payment 
at 12% annual interest. With r = 0.015 we get $272.99 for the monthly payment at 
18% annual interest. 

47. If N(t) denotes the number of people (in thousands) who have heard the rumor after t 
days, then the initial value problem is 

N/ = k(lOO-N), N(O) = 0 

and we are given that N(7) = 10. When we separate variables ( dN 1(100-N) = k dt ) 

and integrate, we get ln(I00-N):;:: - kt +C, and the initial condition N(0):::: 0 gives 

C =ln lO0. Then 100-N = l00e-.u, so N(t)=l00(1-e-kl). Wesubstitutet=7, 

N= 10 and solve for the value k = ln(l00/90)/7 = 0.01505. Finally, 50 thousand 
people have heard the rumor after t = (In 2) / k = 46.05 days. 

48. With A(y) constant, Equation (19) in the text takes the form 

We readily solve this equation for 2 Jy = kt+ C. The condition y(O) = 9 yields 
C = 6, and then y( I) = 4 yields k = 2. Thus the depth at time t (in hours) is 
y(t) == (3 - t/, and hence it takes 3 hours for the tank to empty. 

49. With A = n-(3)2 and a == n-(1 I 12)2
, and taking g == 32 ft/sec2

, Equation (20) reduces 

to 162 y' = - Jy. The solution such that y = 9 when t = 0 is given by 

324 jy = -t + 972. Hence y = 0 when t = 972 sec = 16 min 12 sec. 

50. The radius of the cross-section of the cone at height y is proportional to y, so A(y) is 
proportional to /. Therefore Equation (20) takes the form 

y2y' = -k.Jy, 

and a general solution is given by 

2/'2 = -Skt + C. 

The initial condition y(O) = 16 yields C = 2048, and then y(]) = 9 implies that 
5k = 1562. Hence y = 0 when 

t = C/5k = 2048/1562 = 1.3 I hr. 
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51. The solution of y' = -k .Jy is given by 

2Jy = -kt+C. 

The initial condition y(O) = h (the height of the cylinder) yields C = 2 ✓h . Then 

substitution of t = T, y = 0 gives k = (2 ✓h )IT. It follows that 

y = h(l - t!T/. 

If r denotes the radius of the cylinder, then 

52. Since x = y3'4, the cross-sectional area is A(y) = nx2 = re y312
• Hence the 

general equation A(y) y' = - a,J2gy reduces to the differential equation yy' = -k 

with general solution 
(l/2)l = -kt+ C. 

The initial condition y(O) = 12 gives C = 72, and then y(l) = 6 yields k = 54. 
Upon separating variables and integrating, we find that the the depth at time t is 

y(t) = .J144-108ty(t). 

Hence the tank is empty after t = 144/108 hr, that is, at 1:20 p.rn. 

53. (a) Since x2 = by, the cross-sectional area is A(y) = 'f!x2 = nby. Hence the 

equation A( y) y' = - a.J2gy reduces to the differential equation 

20 

with the general solution 

(2l3)y312 = -kt+ C. 

The initial condition y(O) = 4 gives C = 16/3, and then y(l) = 1 yields k = 14/3. 
It follows that the depth at time t is 

y(t) = (8-7t)213
. 

(b) The tank is empty after t = 817 hr, that is, at 1 :08:34 p.m. 
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(c) We see above that k = (altrb) jii = 14/3. Substitution of a = 1rr2
• b = I, 

g = (32)(3600)2ftlhr
2 

yields r = (l/6D)-J7112 ft""0.15in fortheradiusofthc 
bottom-hole. 

54. With g = 32 ft/sec2 and a = tr(l / 12)2, Equation (24) simplifies to 

dy tr r:: 
A(y)- = --vY · 

dt 18 

If z denotes the distance from the center of the cylinder down to the fluid surface, then 
y = 3 - z and A(v) = 10(9 - 2

2
)

112
. Hence the equation above becomes 

10(9-z2 )1'2 
dz = ..::._(3-z}1'2 , 

dt 18 

180(3+ z)1'2 dz = trdt, 

and integration yields 

120(3+z)112 = m+ C. 

Now z ;;: 0 when t = 0, so C = 120(3)312
. The tank is empty when z = 3 (that is, 

when y = 0) and thus after 

t ; (120ltr)(6312 
- 3312

) "" 362.90 sec. 

It therefore takes about 6 min 3 sec for the fluid to drain completely. 

55. A(y) = n(8y-y2) as in Example 7 in the text, but now a = ,r / 144 in Equation (24), 
so the initial value problem is 

18(8y- y2)y' = -Ji, y(O) = 8. 

We seek the value of t when y = 0. The answer is t = 869 sec = 14 min 29 sec. 

56. The cross-sectional area function for the tank is A = tr(l- y2) and the area of the 
bottom-hole is a = I0-41r, so Eq. (24) in the text gives the initial value problem 

tr(l-y2)dy = -10--4rr:.J2x9.8y, y(O) = 1. 
dt 

Simplification gives 

so integration yields 
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57. 

The initial condition y(O) = 1 implies that C = 2 - 2/5 = 8/5, so y = 0 after 
t = (8/5)/(1.4xJ0---4,Ji'o) ""'3614 seconds. Thusthetankisemptyatabout 14 
seconds after 2 pm. 

(a) As in Example 8, the initial value problem is 

2 dv r:; 
rr(8y-y ) dt = -1rkvY, y(O) = 4 

where k = 0.6 r 2 ..fig = 4.8 r 2
. Integrating and applying the initial condition just in the 

Example 8 solution in the text, we find that 

When we substitute y = 2 (ft) and t = 1800 (sec, that is, 30 min), we find that 
k "" 0.009469. Finally, y = 0 when 

t = 448 
"" 3154 sec == 53 min 34 sec. 

15k 

Thus the tank is empty at 1:53:34 pm. 

(b) The radius of the bottom-hole is 

r = ,Jk / 4.8 '°" 0.04442 ft "" 0.53 rn, thus about a half inch. 

58. The given rate of fall of the water level is dy/dt = -4 in/hr = -(1/10800) ft/sec. With 
A = m 2 and a = m-2

, Equation (24) is 

Hence the curve is of the form y = kx4, and in order that it pass through ( 1, 4) we 
must have k = 4. Comparing ✓Y = 2x2 with the equation above, we see that 

(8r2)( 10800) = 1/2, 

so the radius of the bottom hole is r = 11 (240✓3) ft ""' 1 / 35 in. 

59. Let t = 0 at the time of death. Then the solution of the initial value problem 
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T' ::: k(70 - T), T(O) = 98.6 
is 

If t = a at 12 noon, then we know that 

T(t) = 70+28.6e-w = 80, 

T(a+l) = 70+28.6e-k(a+ll = 75. 

Hence 

It follows that e -k = 1/2, so k = In 2. Finally the first of the previous two equations 
yields 

a = (ln 2.86)/(ln 2) "" 1.516 hr "" 1 hr 31 min, 

so the death occurred at 10:29 a.m. 

60. Let t = 0 when it began to snow, and t = to at 7:00 a.m. Let x denote distance along 
the road, with x = 0 where the snowplow begins at 7:00 a.rn. If y :;: ct is the snow 
depth at time t, w is the width of the road, and v = dxldt is the plow's velocity, then 
"plowing at a constant rate" means that the product wyv is constant. Hence our 
differential equation is of the form 

k dx = !_ 
dt t 

The solution with x = 0 when t = to is 

t = kx toe . 

We are given that x = 2 when t = to+ 1 and x = 4 when t = to+ 3, so it follows 
that 

to+ 1 = toe2
k and 

Elimination of to yields the equation 

to+ 3 4k = toe 4 

4k 2k 2 2k 2k 2) 0 e - 3e + = (e - I )(e - = , 

so it follows (since k > 0) that e
2

k = 2. Hence t0 + 1 = 2t0, so to = 1. Thus it began 
to snow at 6 a.m. 
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61. We still have t = to e1o=, but now the given infonnation yields the conditions 

1 4k 
to+ = toe and 

7k to+ 2 = toe 

at 8 a.m. and 9 a.m., respectively. Elimination of to gives the equation 

2 4k 7k Q e -e -1 = , 

which we solve numerically for k = 0.08276. Using this value, we finally solve one of 
the preceding pair of equations for t0 = 2.5483 hr = 2 hr 33 min. Thus it began to 
snow at 4:27 a.m. 

SECTION 1.5 

LINEAR FIRST-ORDER EQUATIONS 

1. p=exp(Jtdx)=e"; D .. (y·ex)=2e-'; y•e., =2e'+C; y(x) = 2+Ce-x 

y(O)=O implies C=-2 so y(x) = 2-2e _ _, 

-2.t 3 C y·e = x+ ; y(x) = (3x+ C)e2
.r 

y(O) = 0 implies C = 0 so y(x) = 3xe
2
-' 

5. p = exp(f (2/ x)dx) =e21
"-' = x 2

; D .. (y· x
2

) = 3x2; y•x
2 = x3 + C 

y(x) = x+Clx2
; y(1)=5 implies C==4 so y(x) = x+4/x

2 

v(x) = x2 +CI x 5
; y(2) = 5 implies C = 32 so y(x) = x

2 + 321 x
5 
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y(x) = 5✓x+Cl✓x 

8. p =exp(J (ll3x)dx )=e(lnx)/l = ¼; DX (y ·¼)= 4½; y .if; =3x413 +c 

y(x) = 3x+cx-113 

9. p=exp(J(-l/x)dx)=e-10.,.=l/x; D,(y·l!x)=llx; y·llx=lnx+C 

y(x) = xlnx+Cx; y(l)=7 implies C=7 so y(x) = xlnx+7x 

3 3 C 312 y(x) = .X + X 

11. p=exp{J(11x-3}dx)=e1u-3.x=xe-3
'; Dx(y·xe-h)=O; y·xe-:ix=C 

y(x) = C x-1e 3
'; y(l) = 0 implies C = 0 so y(x) = 0 (constant) 

14. p = exp (J (-3/ x)dx) = e-3lnx = x-3; D,, (y · x-3
) = x-1

; y·x-3 = In x+C 

y(x) = x 3
1nx+Cx'; y(l)=lO implies C==lO so y(x) = x3 Inx+10x3 

16. p = exp(f cos xdx) = e'ini; DX (y · esinx) = e•inx cos x; y. e•inx = esinx + C 

y(x) = I+Ce-sinx; y(n)=2 implies C=l so y(x) = I+e-,; • ., 

11. p = exp (J 1/(1 + x) dx) = e1"<1
+xJ = l + x; Dx ( y- (1 + x)) = cos x; y-(I + x) = sin x + C 
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y(x) = C+sinx 

l+x 
y(O) = 1 implies C = l so y(x) = 

l +sin x 

l+x 

18. p = exp (f ( -2 Ix) dx) = e -21
"' :::; x -2

; D x ( y • x-1 
) ~ cos x; y • x-2 = sin x + C 

y(x) = x 2 (sin x+C) 

19. p = exp (J cot xdx) = eln(•inx) = sin x; D, (y · sin x) = sin xcos x 

y-sinx=½sin 2 x+C; y(x) = ½sinx+Ccscx 

y(O) = 0 implies C = I so y(x) = -1 +e-x-•112 

y(x) = x 3 sinx+Cx3
; y(2.n-)=0 implies C=O so y(x) = .x

3 sinx 

22. p =exp(j(-2x)dx)=e-x'; D ... (y·e-x")=3x2; y-e-..-' =x3 +C 

y(x) = (x3 +C)e-x\ y(0)=5 implies C=5 so y(x) = (x3 +5)e-x
1 

y·(x2 +4)312 =½(x2 +4)312 +C; y(x) = ½+C(x2 +4r312 

y(O) = 1 implies C:::::: 1
: so y(x) = ½+ \6 (x

2 +4r
3

'
2 

25. First we calculate 

3 [ 2 2 ] 

2 x -ln(x +l). 
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It follows that p = (x
2 

+ 1r312 exp(3x2 /2) and thence that 

D.,(Y•(x
2
+Jr312

exp(3x
2
/2)) = 6x(x2 +4r5

'
2

, 

y·(x2
+It

3
'
2

exp(3x2 /2) = -2(x2 +4r312 +C, 

y(x) = -2exp(3x2 
/ 2) + C (x2 + 1)312 exp(-3x2 / 2). 

Finaily, y(O) = 1 implies that C = 3 so the desired particular solution is 

y(x) = -2exp(3x2 /2)+3(x2 +1)312 exp(-3x2 /2). 

26. With x' = dx I dy, the differential equation is /x' + 4 y 2 x = 1. Then with y as the 
independent variable we calculate 

p(y) = exp(J (4/ y)dy) = e41
ny = y4; DY (x• y 4) = y 

4 1 2 
x-y = -y +C; 

2 
l C 

x(y) = -+-
Zy2 y4 

27. With x' = dx I dy, the differential equation is x' -x = y eY. Then with y as the 
independent variable we calculate 

28. With x'=dxldy, thedifferentialequationis (]+y2)x'-2yx=l. Then with y as the 
independent variable we calculate 

p(y) = exp(f (-2yl(l+y2)dy) = e-ln(y2+1) = (1+y2rl 

D_,, (x-(I + lr1
) = (1 + lr2 

An integral table (or trigonometric substitution) now yields 

X I dy } ( J -1 ] 
I + y2 = ( I + y2 f = 2 1 + Yi + tan y + C 

x(y) = ½[Y+(t+ /)(tan-
1 y+c)] 
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29. 

30. After divjsion of the given equation by 2x, multip1ication by the integrating factor 
P = [ 112 yields 

31. 

32. 

x -112y'-½x-312y = x-112 cosx, 

Dx(x- 112y) = x-112 cosx, 

x -112y = C+ f 1-
112 cost dt. 

The initial condition y(l) = 0 implies that C = 0, so the desired particular solution is 

y(x) = x 112 f ,-112 cost dt. 

(a) 

(a) If y = A cos x + B sin x then 

y'+ y = (A + B)cos x+ (B-A)sinx = 2sinx 

provided that A ;; - 1 and B = 1. These coefficient values give the particular solution 
Yp(X) = sin X - cos X. 

(b) The general solution of the equation y' + y = 0 is y(x) = ce-x so addition to the 
particular solution found in part (a) gives y(x) = Ce-x + sin x- cos x. 

(c) The initial condition y(O) = 1 implies that C = 2, so the desired particular 
solution is y(x) = 2e-x + sin x - cos x. 

33. The amount x(t) of salt (in kg) after t seconds satisfies the differential equation 

x' = - x/200, so x(t) = IOOe-11200
• Henceweneedonlysolvetheequation 

10 = IO◊e-''200 fort :::461 sec= 7 min41 sec (approximately). 

34. Let x(t) denote the amount of pollutants in the Jake after t days, measured in millions of 

cubic feet. Then x(t) satisfies the linear differential equation dx I dt = 114- x I 16 with 

solution x(t) = 4 + 16 e -,n6 satisfying x(O) = 20. The value of t such that x;; 8 is 
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t = I 6 Jn 4 ""22.2 days. For a complete solution see Example 4 in Section 7.6 of Edwards 
and Penney, Calculus with Analytic Geometry (5th edition, Prentice-Hall, 1998). 

35. The only difference from the Example 4 solution in the textbook is that V == 1640 km3 

and r == 410 km
3
/yr for Lake Ontario, so the time required is 

36. 

V 
t = - In 4 = 4 In 4 "" 5.5452 years. 

r 

(a) The volume of brine in the tank after t min is V(t) = 60 - t gal, so the initial 
value problem is 

dx = 2-~, 
dt 60-t 

x(O) = 0. 

The solution is 

(60-t/ 
x(t) = (60-t)- • 

3600 

(b) The maximum amount ever in the tank is 40 / ./3"" 23.09 lb. This occurs afler 
r = 60-20./3'"" 25/ 36 min. 

37. The volume of brine in the tank after t min is V(t) = 100 + 2t gal, so the initial value 
problem is 

38. 

dx = 5 _ 3x , 
dt 100+2t 

x(O) = 50. 

The integrating factor p(t) = (100 + 2t)312 leads to the solution 

50000 
x(t) = (100 + 2t)-

312 (I00+2t)· 

such that x(O) = 50. The tank is full after t = 150 min, at which time 
x(150) = 393.75 lb. 

(a) dx I dt == - X 120 and x(0).:::: 50 so x(t) = soe-1120
• 

(b) The solution of the linear differential equation 

dy 5x Sy 5 -,120 1 - - ---- - -e --y 
dt IO0 200 2 40 • 

with y(O) = 50 is 
y(t) = 1 SOe-1140 

- IOoe-1120. 

(c) The maximum value of y occurs when 

Section 1.5 29 



PROBLEM 2.1 

KNOWN: Steady-state, one-dimcDllional heat conduction through an axi•ynunetri< 
shape. 

FIND, Sketch temperature dis\ribution and c,rplalo shape or curv,. 

SCHEMATIC: 

f"/l 
I -1; T, - ------ T, > T, --
' Tr•) E,. ' t .. , ·-- • --

Lx - - --· l 
' L Sl.,p.oi 

~TL curve 

T/x) 
T, -)( 

r.: ---0 L 

ASSUMPTIONS, I 1) Sleady-stai.,,, one-dimensional conduct loo, (2) Constant 
prop<•rties, (3) No internal heal genProtion. 

~AL YSIS: Performing an onorg, h•Jance on the obj<·cl accord log to l::q 1 It•· 
E,. - E ,, - 0, it follnws that 

f:lh - Eg,,H = Cb 

•nd that q. = 'h(x). That is, Ibo beat rate within the object i• ,,v,rywhcre ron,tnnl 
From Fourier'• law. 

dT 
Cb. :a --k.A. - . 

dx 

and •inr• I\, and k nre both con•I.Aat.s, it follow• <hat 

dT 
A, - - Constant. 

dx 

Th!ll i.!;1 tbP product of tbt• cro'-•H1t"Niona_l artn. normal to the heat rat<' and tf'm('.-rntlJrt! 
grn.dieot t'"mnin~ 11 constant and iadepcodcnL of di!ll3nt"t x. It follow~ that since .-\

1 
incre~ with x1 then dT /dx mu.st decrease with x. Hroce, the Lt"mperature- distrlbullon 
appears as shown Above. Notri the- gradic.nt Jrcrease.s with increasing ,c. 

CO~IENTS: (!) De suro lo rc,ognlto Lbal dT/d,c I, tbo slop• of ihe temperature 
di,trlbution. (2) \\'bat would lhe dbtribution be whoa T, > T1 7 (3) Show on th• Ahove 
plot how tho boat Du,, q:, varic, wilh disULat<. 



PROBLEM 2.2 

KNOW!\": Hot waler pipe covered with thick la.yer or insulation 

FIND: Sketch temperature distributioo. and give brief explanation lo justify shape. 

SOREMATIC, 

Hor r, 7; 
woter p, Tz 

Tir) 

I T, 
Insulat,on 

., 
~ . , ' . r; > 1i. ' 

, 
-- -- r, r, r 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional (radial) 
conduction, (3) No ln1,eroal beat generation, (4) losulntlon bas uniform prnpcrties 
indrpcndent of l.cmperature IUld position 

A."'sAL YSIS, Fourier's law, Eq. 2.1, for this one-dimensional (cylindrkal) radial 
sy•lem has the form 

q, - -kA, ~; - k (2s-rt) ~~ 
where A, - 2r.rf and ( is the a.xial length of the pipe-iMulation oy,,tem. Reco1,nlzr that 
ror !ILt-ady-staLe t"ODdiLioos with no internal hea.c. generation, an energy balance on the 

!)'!item requires E,n = £011\ since £, = f:-' = 0 and hence 

q, = Con,tnnL 

Thal I•, q, is Independent of radlUl! (r). Since the thermal conductivity is iuso constant, 
It f<>llows tbaL 

r I!~ I = Const1rnl. 

Tbb rr.lation requir< .. that th• produ<L of the radial ~perature gradient, dT /dr, and 
thr rndiw., r, remains coll!ta.nl Lhrnughout the insulation. For our situation, th<· 
t•mp .. mtun• tli>tributioa mu5t appear as shown in the :1bove, righL •ketch. 

COMMENTS: (I) [';otc that while q, Is a constant and independent of r, q; is not a 
• <on.slant. Bo" does q,(r) vary with r1 (2) Rccogniic that the radial tcmpcrnturr 

grndicn1, dT,dr, decreases with iocrea.sin~ radius. 



PROBLEM2.3 

KNOWN: A ,pberlcal shell with pr .. cribed geometry &nd surface t.emperatur ... 

FIND, Sketch temperature distribution and explain shape of the curve. 

SCHEMATIC: 

Spher,cal 
Shell 

T, 

T, 

Tjr} 

T, 

,4,-~ T, T, > T, 
r, r 

ASSUMPTIONS: ( I) Steady-state condillom, (2) One-dimension<>! conductioo la 
radial (spherical coordiaateJ) direction, (3) No iDtera,1 geaor•tioo, (4) Coostaat 
properti~. 

ANALYSIS: Fourier'• law, Eq. 2.1, for this ooe-dlmemional, rodi:11 (spherical 
<oordlnac.e) system bas the form 

q, = -k ,\, dT = -k (4;;-r') dT 
dr dr 

wberP :\r Is the- surface area or a sphere gh~c.n u Ar - 4 :'fl''. For stc .. dy-st.n.Le condition_,, 
n.n ,~nt,qp· balanct- on the system require5 that s-lnce Ee- = En - O. E

11
~ = Eoul and thu!!I 

'.,,.,-;; 1/o \ 9"", 
'lu, - q,,., = q, ~ q,(r) , \ qr \ 

.,,,-:: .. ,~~\ 
'l.rn ,... ~ re-I 

That is, q, it a consLanL, i.ndepCDde.nt. or the radia.f coordiaate. Since thf! tberma.J 
conductivity Is coo.suwt, il follow!I that 

• [ dT I r· ci;"' -. Consl::u1 t. 

Tbl• relatioo requlret tbftl the produ<t of lhe radial tempcralure gradient, dT/dr, and 
thfl radlu! squared. r~, remaioQ ron.~tant throughout. tbe shell. H.e.oce

1 
the lempe.ralurc 

di1trlbutioa app4'art a.• shown In lhe above, right sketch. 

COMMENTS: Noto that for lhe abov& coodiLiom, q, ,,. q,(r); that, i•, q, is 
• • everywbe,rf' constant, But how doe!! q, vary as a ruact100 or radius! 



PROBLEM 2.4 

KNOWN: .ruruiymmetric shape with prescribed cross-sectional area, temperature 
dirtribution aod beat rate. 

FIND: E'<))rcssloo Cor the thermal conductivity, k. 

SCHEMATIC: 

Un, t.:; 

--A(xJ=(l·x) JT·K 
T(x)=300(7-2x-x3) x-m 

x A-m4 
I --1 -----

ASSUMPTIONS, (1) Steady-state coodltion.s, (2) One-dlmenslooal cooductloo io x­
direcllon, (3) No iotcroal heal generation. 

ANALYSIS: Applicati':'n or the energy balance relation, Eq. l.lla, to the ,ystem, it 
Collows that since E,0 = E0 .,, 

q,, - Constant"" C(x) . 

Using Fourier's law, Eq. 2.1, with appropriate expressiollll Cor A1 and T, yields 

dT 
q,, = -k Ax dJt 

6000\V - - k • {I -x)m: • j_ "300(1 - 2x - x3 )j K . 
dx m 

Solving fork and recognizing it.s uoits are W / m • K, 

20 =------
(1 - x)(2 + 3x') 

k - -GODO 
(I -x)l300(-2 - 3x:) <I 

COMMENTS: (1) Note that nt x=O, k=IOW/ m·T< 
corrcetly obtained. 

and LbaL indeed tbc unil.5 are 

(2) RPcognizc thRt the 1-D assumption is an approximation which is moro appropriate 
as the area c,hange with distance x is less. 



PROBLEM 2.5 

KNOWN: End-face temperature., and temperature dependence of k for a trunc.lted 
cone. 

• FIND: Variation wilh axial distance along the cone or q., q., k, and dT Jdx. 

SCHEMATIC: 

X 

~~,c:--7;,Al 

~~'--'H:-;:-k •k0 -ll T 

ASSUMPTIONS: ( I) One-dimensional conducLlon in x (negligible Lcm111·raiure 
(tradicnt.s along y), (2) St•ady-state condiUons, (3) Adiabatic sides, ( I) ;s;o i11t1•r1ml hut 
generation. 

AJ'sAL YSIS: For the prc,icribeJ conditions,. it foll~w• from const·l"·ation of cnc·rg), Eq. 
l.l l~ lhat for n. differential control \'olum1·1 F.111 - Eo-ut or q1 = qx-+dr• Hcucc 

•t. i> indcp1•ndeot of x. 

Slnc<- .A(x) 1rrrrta.$t'.C with int"rta!ting x. il folluw!!I Lhat q; - q./A(x) drr.rr4H'3 whh 
mcrr,u1ng x. ,:::;inrt- T dtcrca..'-tl with ,ntrtc.-,,ug x, k urrrta.u1 with 1ncr-ca.uug J.. 

fl('Of'f', rrom F'ourit•r'!l la~, Eq. :!.:.!. 

• dT 
n = -k -·11 d-x • 

h foflo.,., lhllt I dT /dx I dtcrtaus with increasing x. 



PROBLEM 2.6 

KNOWN: Temperature dependence of the thermal conducti,·ity, k(T), for bta.l 
transfer lbrougb a plnn• wall. 

FIND: EITcct of k(T) on tcmporature distribution, T(x). 

ASSUMPTIONS: I I) One-dimen•ional conduction, (2) Stcady-,t•t• rondition,, (3) 
f\'o mlerual heat genera.Lion. 

A."IAL YSIS: From Fourier'• lnw and the form of k(T), 

• dT dT 
q, - -k dx = - (ko + aT) dx • ( l) 

The sbnp< of the t1•mpcralure distribution n1ay Le Inferred frnrn kuo"h•dK<' of 
d:T/dx: e d(dT /a)/ux. Sin« q: i• lndcpendcnl of x for lh• pn•vrilwd condition•, 

- ~ [(k0 + aT) dT ]- dq: • o 
d, dx dx 

d'T dT I ' - (k + nT) - - n -0 
dx' dx 

lien co. 

from "h,eh 11 follow• that for 

a '> Cl: .J'T /dx' < 0 

a• O: d'T/dx' =O 

-o. 

a < ll: d 2T /d• ' > O. ._ ____ x 

\\Lt-re lht- run:tture for th~ tem~u·raturt• 1fo,trHt11liou T{x) is ftl"l,:lili\'t•• U:ro, and 
p1,,ri1tin•, r,•spt.-(tl\·cly. 

CO\NE!':TS: The ,h•p•• of the distribution could nl"" ht• inf1·rr1•d from C~ (1). 
~ioct' T dL-c rp:1,..-,~ with inf'rt•:s...t11iog x, 

n. • tt k drcr,•::t.-•H-s wu.L int"rc~qing x => I dT/dx I iuut::isr~ with irJtrt;L\illg x 

a .- CJ: k a=. k0 --> dT /d~ I:. ronstan\ 

n < O• k lnn,•nJIL':I v.·itL ir1l"rn1..;iog x -=> I dT /dx J dt·crtast~ v. ith lnc-rta.siug ~. 



PROBLEM 2.7 

KNOWN: Thermal conductivit.y nod thickness of a one---dimt.ns-ion:tl syst.-m wlth no 
int.e:rna.l bi,at i;tincratioc aad steady•state condit.ion.s. 

FtND: Unknown lllr(Act' t.e.mpe.rat.ures, i.emp~raturc gradic.ni. or beu Rux, 

SCHEMATIC: 

r. ---~ L,as. 
• 9~ fi 9!, Tompor4turo 9r•d•ont 

k. zs w.'., K-..--... r, 
f , X-i 

ASSUMJ'TJONS, (1) On ... cl!men.,lonal h•at Oow, (2) No internal beat geoontloo, (3) 
Stea.dy-sLale c.onditinn1, (·l) Constant propcrUea. 

ANALYSIS: The raLc equation and umperaLure 1r1dlent for thlt !l}'Slem an 

• dT 
C'lc ----k -

dx 
and 

dT T,-T, 
-= 
dx L ( 1.2) 

U1iog Eq>. (l) ond (2), the unknown qullntllles can be delormlned. 

C•) dT _ ( ~00-300)K = 200 K/m 
dx 0.5m 'tOOK ' q; = -25 ..Y!.._ x 200~ = -5000 W /m1 ~ 

300K 
q·• 

•<J m·K m 

x-l 
\\' I Kl fb) q: = -25 - " -260- =8250 \V/m' m•K m cz; T, 

= 1000 • C - O,Sm 1-250 ~ I [
dT 

iI. -25ioK T,-T,-L dx 

JOO"[ dx - m 
T: = 226 • C. x-i <J 

W K 
sl.L,+200K (•) q; - -16 ---:- > 200- - -5000 \\'/m2 

aot m·K ID dx m 

T 2 - liU r: -o.~,n[2oo~j--2o·c. 9; <J 
• ><-l 

(d) dT • ~ = 4000 W/m' __ 160~ 
dx k 25 \V /m·K m 9,: 

-s·c I dT j I K I . . 4000ri,_ Tr = I. dx + T, • 0.Sm -160-;:;. + (-~ C) 

T 1 - -as· c. T, 
><-i <J 

• 
dT 'h -3000 \I' m7) K 

{e) - - -- • _"..,__=-=.,......=-~ - 120-dx k 2S \I' m·K m 

T, =JO· C - O.f>m [ 120 ! l = -30 • C:, 
. 



PROBLEM 2.8 

KJ'JOWN: Oo~dlmt.M1onn.1 sysl.Ha wlt.b prescribed Lhctm::U eoaUudil·hy .and 
thickoell'!I 

FlN02 Unknown•i for •·nr-1ou. tN11perlltUrl· eondillon• 11nd skt·tt'II di.,lrilrntlnn. 

SCHEMATIC, 

ASSUMPTIONS: ll) Steady•sl.nlr. c:oadillont, (2} Onl1..ftlmt-u.1ionnl conduction, (3) 
No int;-rnal hcL grncrn1.ion1 (-1) Com;Lft.U1. proJwrt.it:1. 

ANALYSIS: Tb.- uh' NJUation and lrmfK'rnturn gra,lit•uL ror thi~ !>y1t"m arn 

• dT dT T,-T, 
r\1 - -K - :a.ad - = -dx dx • I. • 

fn) JT • 1-20 - bOl K = _2~0 K/iu 
th. 0.:?5u1 

IL 

• 
q, - · ". I I( I .,u -- I( '-10- = 

m·K m 

dT 1 .. =rL•-,.T1 • ,h. 
K 

lt.1)- t70"f' 
Ill 

,., - 110'(", 

;,n ~ , [-Ml mK] - 1.0 kll'/rn' m·K 

dT K 
l .. ·-d • tu' C - 0.'!:irn -kO_;_ 

• rn 

[too K ] = -10.0 k 11 /m' 
Ill 

I 1,2) 

50'C 
' 

·2.0'C 

r-• <J 

q· • ·ro·c 
~ <J 

q; _ _,,, T, .i K 
70'( .-, dx • /60 m 

1-X 

9, 
r, 

<J 

<J 

30"C 

dT,zooK 
d• m 

<J 



PROBLEM 2.9 

KNOWN, Pla.oe wall with prescribed Uiermal conductivity, thickness, and surface 
tempcrat.urc::s. 

FlND: He&'- flux, q;, and tempere.ture gradienL, dT /ch~ for Lhe three dlffcrent. 
coordlnau; ,ystems shown. 

SCHEMATIC, 

r t .-~ .. T,•400K 

7;,600K T; 

tr tT 

"G ~ 

k.; 100 W/m•K. r; Yi 
L=IOOmm 0 L-x x-L 

(b) 0 
x+-L 

(c) 
0 

ASSUMPTIONS: (1) Ooe-dimensional beat flow, (2) Steady-stote coodltions. (3) No 
internal genoratloo, {◄) Coostanl properties. 

ANALYSTS: The rate equation for conduction heal Lransrer ls 

q; -k dT (1) 
dx ' 

where the t"mper3Luro gradient i• constant lbroui;bouL Lbe wall and or tho form 

dT = T(I.) - T(O) (
2

) 
dx L 

Substhutiog numoricAI vnlues, find the l<!mperaLure gradioois. 

(a) dT T 2 -T1 = (600-400JK - 2000 K/m <l --
dx L O.JOOm 

(b) dT T,-T, 
= (·100-600)K = -2000 K/m <l -= 

dx L 0.JOOm 

(c) dT T,-T, = (600-IOO)K _ 2000 K/m <] -= 
dx L 0.IOOm 

The h•al rates, usln~ Eq. (1) with k = 100 V; /m·K, are 

" \\' (a) 'I, - -100- x 2000 K/m -200 k\\'/m2 <] 
m·K 

(b) 

(c) 

• w ' q, • -100~ (-2000 K/m) - +200 kW /m 
m·K 

. w 
q, = -100 nrK 2000 K/m - -200 kW /m' . 

<] 

<] 



P ROBLEM 2.10 

KNOWN, TemperaLure distribution in solid cylinder and convectioo cocfficieol at 
cylinder surface. 

F rND, Expressioos for bent r11le at cylinder surface and Ouid temperature, 

SCIIEMATIC: 

L 

- -----<t> 
h, T00 I> 

---!> 

ASSUMPTIONS: ( I) Ooi,-dlmen.sional, radial eonductian, (2) SLcad)'·•Lale 
conditions, (3) CoasLant propcrlics, 

ANAL YSJS, The beat rlllo from f'ourier'• I•" for lhe rndi•I (eyllodrical) 5)'11Lem bas 
Lbe form 

dT 
q,--kA•-;j;-· 

U•ing lhe expression for Lhe lemperaLure dislributioo, 
L•mp1•rnlure gradirot, dT /dr, lo 6nd 1hr heal rntr, 

q, - -k(2:rrl..) 2hr = -I rrkbLr' 

At the outc_r surface, (r = r
0

) 1 tbr couduction be:lt rt1.lr is 

'1,. r _ = -I :rkbl.r; • 

Prom a surf nee energy bnlunce bl r = r
0

, 

q,.,, - 'la,0 , = h(2,r0 L) jT(r0 ) - T 10J, 
a.ad suh·ing for T ~ \J11in~ Lhe hc:.L rau: ;LC. r - r0 , flrnJ 

2kbr0 
T,, -T(r0 )+ b 

. . ., 2kbr0 
I.., = n + br;; + ---

h 

T" - n + br0 Ir• + ~k I· 

T( r) - a + hr' 1 evo.lunte lbo 

<J 

<J 



PitOBLE:M 2.11 

KNOWN: Twc,.dimenaion&J body with 1peciJled thermal cooduclivlty a.ad two 
isotherm&! surfaces or prescribed t.empera-1.ure&; ooe surracr, A, bas a prescribed 
lemporature g-radioal. 

FIND: T•mp,ratur• gradient■, tn'/{'x and ilT/cty, at lhr turf•<• fl. 

SCHEMATIC: 
B, ~=IOO"C 

w,._=Zm 

ASSUMPTIONS: (I) Twc,.dlmensional coaduction, (2) Steady-st.ate conditions, (3) 
'so beat generation, ( ◄) Con,,\a.nt propcrli ... 

ANAL YSJS: AL Lbe s-urface A. lbe t.empcra.t.ure gra.die.at io the x-direcliou must be 
tcro. That b, (ilT/clx)A - 0. Thi» follows from the requirement that lh• h,at fiux 
vect.or mun be normal to An b1ar.hermal surra.ce. Tbc- bC.15it rate a.t. the rurfl\cl'! A i! ghen 
b~• Fourier', law wriLlen u 

ur ] \,. 
q,." = -k·wA ~ - - 10-- x 2m 

" • 'Y m·K 
A 

On the surface B, it follow, lhat 

(,rr/•'Y)e =O 

K < 30- - -600\V /m 
m 

<J 
in ordor to utbfy the requiremrol that th, heat flux vc,ctor be normal lo the l,othcrmal 
1urfa<0 B Uting tbr consen·ation of cooriy roquircmcnt, Eq. I.I IA, on the body, find 

• • 
<ly,A-q,9=-0 

l'sot'" that, 

q~ n - -k·wn ~~ L 
and heoct- • 

(,'f /•'x)9 = ;1' A -
·we 

or 

-(~Oil \V m 
!Of\\' m·K x Im 

= 60 K/m, <I 

COMMENT: 
• 

• • No1f' tbaL in ustn, the tonscr-vatioo ~ulr~me.nt, '11.11 - ¾,,A and 
qout ,_ --Hl:i R· 



PRODLEM 2.12 

KNOWN: Leogtb and thermal conductivity or a sbarL. Tempernturc dls1ribuLlon 
along shart. 

FINO: Temperatures and heal rat.cs at ends or sbaft. 

SCHEMATIC: 

'1(0) 
... -- ... 

Supporf1n9 .shd+, . ; ,',
0

. 

k=ZSW/m·K,L:lm, : :2, 
~-.,,_..--,--, J!•"">-c:::::::_T A:0.005m<- ·x=L-------' ·1:JOO-JSOx,-10x2. 

G-ro~.,;d 'l(L) 

ASSUMPTIONS: (1) 5tendy-stnle condlUons, (2) One-dimensional condutlion in x, 
(3) Con•L"r·t propcrtiL·s. 

ANALYSIS: Temperature, at the lop Rad hot tun or Lhr. sh:ll't .. ,n•, r<-.J>ecti,·cly, 

T(O) 100 • C T(L) -. --JO. C. 

Ar>plyin& Fourirr's law, Eq. 2.1, 

q, = -kA ddT - -:!5 \\'/urK(0.005 1112 )(-150 + 20x)"C/m 
:( 

q, = U. I :!fi( 150 ~lh )\\. 

lln,n·, 

•t.[O)- ll!.75 \\' •1.(l.) = 16.25 \\'. 

<J 

<l 
The diffcrt·nri• in h~;iL rate,, q,(O) > q,(L). is dur lo lu,at losses q, fror'l tlw air!,· ur the 
•,haJI 

CQt,,Cl,fENTS: llrat lnss from Llw side n,quir,-. ti,~ 1,xi,tt'l1c,, or lcmpcrn\urc gTAdicots 
ov«:r tL, sh.aft rrn~~-:,t•«-Lion, H•·nc~, 5perification or T n.s oi. funcLlon of only " i~ an 
nppro\: i mn t 1011 



PROBLI.M l.l J 

h.1\0\\ ,: A n-,J CJf ..-:on,IJflt th«:nn.11 i:onJu,uvtt} l .anJ \Jn,1hle uoo.-..•sci;lion11I il/~J ,.\,1,):: •\ r .. 
wht'rr A. Jnd I ilN! c:on~anu 

fl\ l): .;1 f,ph!\.'lhln lut tht Clm.Ju.d1,1n hc.•;ir rall: q 1t ,,~ u,e Lhi .. t1.pr~1.,uin ht JL·lcmu~ fh1,· 
trmr~rutur.._ J1 .. m'1ut1Pn, Ti>: I, .tnJ ,Lc1h:h uf 1he lt:m)1t'r-,1lurt" Jhlnhuuon. 1 b, Con1.1J.tnnl! thit r,~,t'n .. ~ ,,1 
\ ,1Jumc1n, h<.11 t.!cnetJllun rah~, q q.,t,pl- .1,1 ol!laJn W1 cxph."\\Hlh for q,,, 1 \lht:n lht• ld1 l.1..:L".,:; 1.J. 

1. "'.-11 rn,ul1J1c:J 

Sl' lit:\l ,\TI!': 

T(tJ 

0 l ' 
\S.''il , I JJ I I( >,s: 1 I 1 ( 1t1l•.Jur1c:n1r,1on.1I ~1u1,lu1,,:11c-r, 1n thC' roJ. 1 : , C, 1n,t11nt pu:,~n1~~ 11 Ste,1J~ -.1.11:: 

111Ju111n 

l.,.., .. F,'-""'11 

q y,., •<t ~(,) J,=U 

lli~ r ,nJui..•11111 hc-~11 r.11,.- t(nw, cu.n he c:-,p1e""C'J :J-' .1. Tit~h11 ~ne, .mJ ,11lh111u1m~ c\rti:\~1-.,n, IPI 'I 
.111d ,\1, 

J 
-~1l1.t•q_t,pl .. ,, ., C\f"IJ.\"l-11 

l Al'q 

J 
l•1, I n 

,J\ 

dT 
J, 

1n1J1,.,111111o 1h,J1 lhc hf.II l-lk' I~.; \t1,1.u,1 v.11h, El)· ~l1mtlm1n~ b.J'- 1 I. ,mJ ,21 

< 

',, < 



PROBLE~t 2.13 (Cont.I 

That 1;, 1hc produi..1 or the cro~-.~~ccttun.,I dn:a anJ the temperuturc gradient i, n i.:.t1nMant. indi:rr:ndt'nt r1J 

\ , H~nt,;c. wnh Tt01 > Tc LI. the tcmp!!rarure d1,1nbut1on 1s t"'tponenual. ;ind i.l, ... hov.n III the .,~i=h.:h 
Jh,w,: St>raraung , ,mahlt!, ;anJ 1ntcgra11111;! F.:q I~ 1. 1hi.: gene ml fonn lor 1he ttmpcr3ture d1,Lnbu1 '"'n ~..an 
he Jd<rmmcd. 

JT C' A e,p(a., I - " 
J, 

JT=C1,-\. ' e,pj - a.,Jd• 

< 
\\'c ,,1uld u,c 1he l\Hl tt!rnpera,urt!' houmJ.a~- &:ond1uon~. T .. = TIO) and TL= Tl LI. 10 t-valu,11e C, ,mJ C . 
• 1mJ , htn,1..· oh, Jtn lhl.' t~mper:nurr: J1,1nbuuon m L~nn.!'I oi l ;md Tl• 

,t,, \\'uh Ill< m1<mal ~•nerauun from l:4 11,. 

"' < 

( ·o\l~LF !\TS: In pun Ch), ~uu ,ould Je1cnmnc 1h, tempcru1urc ,h,1nhu11on u\lng Founcr', IJll "11u 
kn,,\\ kJ~i: ..1t thi: ht:JI rJh: J~r~mJ~n1,;t• upnn the ,-i:oordmati:. GJ\'C II a try' 



PROBLEM 2.14 

KNOWN: Dimensions and end temperatures of n cylindrieo.J rod which 1s rnsulntcd on its side. 

FIND: Rate of heat transfer associnted with dlffen:nt rod matcrio.Js. 

SCHEMATIC: 

D•ZSmm 

- x L = 0.1 m 

ASSUMPTIONS: (I) One-dimensional conducrion along cylinder axh. (2) S1cady-srn1c 
conditions, (3) Constanr properu.:s. 

PROPERTIES: The properucs muy be evaluated from Tables A-1 to A,J :u n mean 
tempcrorwc of 50"C-= 323K and arc summarized below. 

ANALYSIS: The bent rransfer T'Jte may be obtained from Fourier's law. Smee the ax1nJ 
temperature gradient ,s linear, this e.xpression reduces to 

Tt - T 2 n(0.025rnl Cl OCH) l °C 
-= 0.49 l(m·°C)·k q=kA -= k 

0.lm L 4 

Cu Al St.St SiN Oak Magnesia Pyrex 
lpurel (20241 (30!) (~5%) 

k(W/m Kl .I()] 177 16.1 1-1.9 0.19 0.052 1.4 

q(W) 197 87 llO 7.3 O.O'JJ 0026 0.69 <J 

COtl,ll\tENTS: The k values of Cu and t\l were ob1runed b) linear tntcrpoluuon; the k value of 
S1.S1 was obtamcd by linear cxtrnpolaunn, a, W11' the value ror SiN, the value for mugncsu 
w;" c,h1a1ncd h) lincru- mtcrpol,11ion and the ,,uues for Oitk ,lDd pyn:x an: for 300K. 



PROBLEl\12.15 

KNOWN: Onc-d,mcn<ional sy<icm wuh prescribed surface 1empcra1wcs and 1h1cl..nc,s 

FIND: Heat flux through system cons11Uc1cd of these materials: <•I pun: aluminum. (bl plain 
carbon steel, (c) AISI 316, swnless steel, (dl pyrocenun, (e} 1cflcm and ffl conc-n:ie 

SCHEMATIC: 
i+l •---•-+-1-L •2.0m m 

Tz.=Z75K 
Material of_l--__,._ 
known k 

ASSUMPTIONS: (I) Steady->tatc condJuoru, {2) Onc-dimc,a,ionaJ coadU<:tion, 01 Su he•I 
genenwon, (.1J Conslllllt thermal propcmcs. 

PROPERTIES: The thermal conducnvt1)' 1s evaluated a, the average 1empcm1urc of 1hc 
system. T= IT1+T1 l/2= (32S+275)Kf.!= 300K Property value, and table idcn11tica1111n .ire 
sho"' n bclo"'. 

ANALYSIS: For llus sysicm, Fonner'< l•v. c::u, be wnucn 1li 

dT Tz-1'1 
q, =-k dll =-k L 

Sub,•11u1tng numcnc3l value,. the heal flu, in 1enn, of the ,y,1em !hernial conducu,i1y " 

q, =· k (275-325JK =+l500~ k 
20,10 1m m 

v.here q; v.111 have uniis W/m2 tf k hu, un11, W/m K The heat flu,es tor tuch >}Stem follo"' 

Ma1cnal 

{it) Pure aluminum 
(h) PJ;i,n carbon SICCI 
(cl AISI ""• S.S 
(di Pyro<cram 
(cl Teflon 
11) Concrcir 

Thermal conduc11vny 
Tahlc k!W/m·K) 

i\· l 217 
A•I 611.5 
A-1 IJJ 
A-1 19~ 
Al 035 
,,.1 I.J 

Hca1 flu, 
q, (kW/m2) 

593 
I~ I 
33.5 
995 
O.~!i 
35 

COMMENTS: Rccogni,c 1hc r:tn~< of thermal tonducnviry for the"' ,-oltd nia1enals "ncarl~ 
two decades 



PROBLEM 2.16 

KNOWN: Different thicknesses of three ma1enals, rock, 18 ft: wood. IS an; nnd tibcrglas< 
1nsula1ion, 6 an. 

FIND: The insulating quality of 1he matenals with given thicknesses n, mea,ured by 1he R· 
value. 

PROPERTlES: Table A-J (3{IOKJ: 

t.1a1erial 

Limestone: 

Sofrwood 

Blanke I (glass, 6ber IO k[!/m1) 

Thcnnal 
conductivuy. W/m·K 

2.15 

0.12 

0.048 

ANALYSIS: ·lbc R-value, • quannty commonly used an the consuucuon industry and bu1ldmg 
1echnology. is defined ns 

R = Uin) - ' k(B1u·1n/h·fr 'F) 

The R · ,alue can be in1erpretcd a, 1he thcnnnl rcsa<UIOce of a I ra= cro" section ot the matcriill . 
U~ing lhe convcr..ion rac1or for 1hcnn:!l conducuvi1y between the SI and Cn!!ll>h ,ysicm,, the 
R•value< =· 
Rock, Limestone, IR ft. 

18 fl• 12-'" 
R = _________ r_i _____ : 15.51B1u/h fl:·°Ft· 1 

W Btu/h·ft 'F tn 
2.1.SmK x(l5778 W/mK l'.!fl 

Wood, Sortwood. 15 m: 

R = ------..:1.::5..:tn:.:_ _____ = 18 (Bm/h fl1 · 0Fl-1 

0. 12~ • 0.5778 Btu/h ft·'F ·' 12 in 
mK W/m·K fl 

lnsuln11on, Blunke1, I\ in: 

K = . (l ,n . ,, = IK (Btu/h·fr·' F)-1 
O(l48~•0.,778 Btu/hit F. 12.!!!. 

m K \V/m·K fa 

C0\11'>IE'IT: The R-valuc of JQ j?I\Cn m 1he ntlvcniscmcni is reasonable. 



PROBLEM 2.17 

KNOWN: Electncll hca1cr ,nndw,chcd between rwn 1denncal cyhndncnl 130 mm d1,. , 1,(1 

mm length) samples whose opposite ends com.ua plates mtUntaincd 11t T0 . 

FIND: Ca) Thennal conductiVJly 01 SS3lb ,nmples lor the preo;cnbed cond,uons CAI nnd us 
avenge tcmpcnnurc. (bl Thermal condix:11v11y o( Annco imn s11mple rnr 1he p«"'4·nhcd 
condillons IB), (c) Commen1 on advantllgc, or c:qx:nmcntal um.npcmcn1, l.icral hell! '"""'· 
condition when t.T1 '¢~Ti , 

SCHEMATI C: 

To= 71•c 
_1,..,._ t>.x=lSmm 

To= 77•c 

Heater,} ..,_ ,r-.ic.7j=2.S.0°C 
lOOY, 1--b---SS 316 
0.'353A T. A z = zs. o·c 

t>.1i,•15.0"C 

Armco ,"ron 

t,.Tz:150-C 

c.x=lSmm T.=11·c 
Case B 

,\SSUMP'flONS: (I J One•dJlllt'.n"onaJ heal tnn.,fcr 1n wnplcs, (2) S1eady-'1u1,: comltth>rt,, 
n \ Ne~hg1ble co~tact rc4-an,nce t>etl.\t"CO materi1th, 

PROPERTfES: Tobi, A.2, Slllinkss Sled 31h IT~ 400 Ki k,. E 15.2 W/m K: Annco 1ton (T 
= 380 Kl k.,,.,,. = 71.6 W/m K 

•\ 'I/AL YSIS: ca) Rccogn11e 1hn1 hall Lhc hc:11cr power w,U pas; Lhrough c.irh of the >'llllple, 
wh"h MC pmsumcd Jdc.mh:a.l \CC C'.a.,c A 01~.we Apply F~unc..r·, la" ta a sample. 

,1T 
q=k/\,·· 

"' 
l = qt.x = 0.51 IOOV>il.353,\J 0.CH5 ".?, ~ IS.U W/m K <J 

/\~T 00,0 1t••~O'·'C 1.: rn .. ml.,. ___ _ 

n,c re>tnl 1cmpcr:11urc drop •<ross die lcn~•h c,f the ,:unple is .\T11Ut.x) = 25'C Cl>O mmil5 
mm)= HIO ·c. Hence. the hc.11ertcmpc,ru111rc 1, Tb= 177'C. Thu,, the a,·cn1i;c tcrnpcratun: ul 
the 11i3mplc ,~ 

<J 
We 1:ompa.re this r,:sull w11h 1he t:1huh11t:J \·a.luc (Sl-C above) JI .. 100 K and nocc lhc l!nod 
t1[rrccmcm, 

(b) F'ar 1he Caar.c B nmi.n~emcnl, v.c M,ume I.hat thi: 1henn1.1l conducuvh) of the SS~ ltt 1s the 
<amc o, 1ha1 round In Pan f•I The hc•t ruie thr"u~h the Armco iron ~•mple" 

Conunucd ~ 



where 

PROBLEM 2.17 (Cont.) 

11(0.030m)2 
quoo = qh..,., - q,. = IOOV..0.60IA - 15.0 W/m·Kx 

4 
q..,. = (60.1- 10.6)W =J9.5 W 

q., = k,.A,;6T2/Ax2 

Applying Fourier"s low 10 the 110n s.1mplc. 

quonAX2 = 49.5 W.0.015 m = 70_0 W/m·K. 
k.,.., = A,;AT1 11(0.030 m)2 /4~ I 5.0°C 

1.s.o•c 
)< 

0.015 m 

<] 

The 10Ull drop across lhc iron sample ,~ 15°C(60/15) = 60°C; the heater 1empcrature 1s (77 + 
60)°C = I 37°C. Hence the average 1cmpcra1urc of the iron sample ,s 

T = (137 + 77)0 C/2 = I 07°C = 3110 K <J 
We compare this resuh w,lh the 1abula1ed value (see above) 111 380 K. Note good agreement 

(cl The principle adv11magc of having 1wo identical samples is the assurnncc 1h01 all lhc 
electncu.l power dissipated m 1hc healer will appear ns hcu1 Row through the samples. W11h 
only one sample. he:u can flow from the bac_ks,de of 1he heater even though msulaied. 

Hca1 leakage ou1 the lacer.ti surfaces of lhe cylindrically shaped snmplcs wtll become sigmfican1 
when the ~ample 1hcrmnl conduclivny is only slightly higher than lhat of the insulating material 
used on those surfaces. That i,. the method 1s suimblc for metnllics. but must be used with 
caution on non-meutlhc ma1erials. 

For any combination oi matenals 1n the upper and lower position, we cxpcc1 .lT 1 = .l T 
2 

I lowe,cr. 1f the insulauon 1>crc improperly applied along 1hc la1eral rurfoccs, 11 1s possible thnt 
heac lc.tknl,!c will occur. Thi- mav cause uT1 ~ uT2. 



PROBLEM 2.18 

KNOWN: Comparanve method for measunng lhennal conductiv11y involving 1wo 1denncal 
samples ~!Acked wilh a reference mn1erial. 

FIND: Ca) Thermal conductivny of 1es1 matenal and average temperature,. (bl Condlnon~ 
when AT1 .,_AT2, 

SCH EMATIC: 

T,, = 4001<-~-

Reference mi,/eri;,f,-...., 
Armco iron 

Test Si!mp/e (2) --+-;' 

Tc=~OOK-~__, 

c.x=lOmm 

A 'tJ: 3.32 •c 

ASSUMPTIONS: (I) Steady-state conditions. (2) One-d1mcnsionnl heat transfer through 
~mples and reference material. (3) Seglig,ble thermal contact rcsisuincc between material, 

PROPERTIES: Tablt! A 2 Armco iron CT= 350 K): k, = 69.2 W/m K 

ANAL VSIS: (a) Rccogmnng that the heat ra1e through the samples and reference material , nil 
of the snmc dtnmcter, is the snmc, 11 follows from Fourier's ln-. Llrnt 

t.T,1 <iT, <'IT,.:: 
k,--=k,-=~,--

.lx .:ix A~ 

oT, 2 49•c , 
k1 = k,-T = 69.2 W/m·K 

3 1
,•c = 51.9 W/m K. 

_:i I ·-
<J 

We ,hould n.,si~n this vnluc a temperature of 1~0 K <J 

lbJ If 1he 1c,1 ,ample, arc 1dcnu.:al in every rcspcc1, .:iT ,. t.Ti only when 1he thermal 
conducuvuy •• highly dcpcndcn1 upon tempcrarure Also, if there is heat leakage ou1 1hc lateral 
,urfacc, we can expcc1 .!\T:: < AT, Thi< would occur when lhe thtnnal conducovi1y of the 1cs1 
material were onl)· an order of magnitude above that of 1hc insulnung matcnal tmployed. 



PROBLEM 2.19 

KNO\\•N: lden,lcal samples of pre,cnbed dlome1cr length and den,11~ 1nmall) •• a unoic,m, 
tcmpertnures T,. sandY. 1ch l.U1 clrcmt:: heater which provide~ a uniform hc:st ftux q~~ for a pcnetd 
of umc :',I,.,. Condmon~ shttnly ufu:r cn~r~zmi; and a lonj! tune after dc-cne:rg11.1ng hc-mi:r "'"" 
prc!l(:nlxd 

Fl.NU: Specifu: hl!.lt and thcrm.U tondue1i..,11y uf the 1c,1 "';smplc ma1crinl. fn11n 1hc.,;,c: 
pmpcmc~, ldcnnfy ,\-pc- of m.alcn.n.l u~inJ;; T,1bli: A 1 or A.~ 

SCIIE:l,IATIC: 

. . 
L=IOmmr~D= 60mm ~, 

7;,(t) 

+-I n5u/,,fion about the 
enfire block 

Sample I,_p=3965"9/m3 

Heater, P(W) 

i......,...,.., --..-,,-,.~ _,;J.. Sample l.;,,T;=l.3.00"C 
-~ .. .. •. .._.. t 

Ca<e A forll <f Is" .\I, = 120 ,. P =I~\\ T0 00" = 25.~3 C 
CJM!' 8 lor t > ,\l"(J. P =Cl\\. fort> .,t1., Tpl-1 = 33.50t"-C 

\SSl \rlPTIO"-'S: Cll Om:-d1mcns1nn.tl hcul rrum,rer m \llmpln. (J1 \Jmfnm, prnpcn1c. ... (.'\J 

Per1t:L·I m,ulam.,n n,, '"'''"' nf hc-J1c:r J'(1'-"<t rn 1n1-ulr111t1n. 1--l I I fca1cr ha\ nej!lip;1blc ma!,o; 

.\,-\I \ ' '-;-IS: Cn111.u.kr 4 control , 1tlu1nc ahnut ihc .,;tmpk, 
.md hi:.il~r lot Jn ,ntcrv.;tl uf um~ t a ti tv,..... und v.ritc the 
~•11JhCl"\'.ltlUl1 llf cnrr~~ tl"lfUlttffll'nt. 

re' Euw-; .\14 -= f., - F-.1 

l'.'.IJ,, -ti= M,0 11 ,_, - T, I 

=-+ E.n 

,T~)-r-z, oo•c . ,-
T,..,1=3s.so·c -- ----------. I 

I ' ' I ' I I 
• ' -

~oh·mi tnr "v• "iuh,tnuun~ numc.rk.11 \·3lu~. and rccngm11ng lhl" energy rn • ., prr,c:nh~d Ii)· 

C1!ie :\ P4-'.,,.l!I 1:1.1ndl1ion untl chc rin.tJ 1cmpamun: T1 b~ Ca.'<' B. lind 

<J 

C'onunui:d 



PROBLEM 2.19 (Cont.) 

k = 30 s [ 2><2653 W/m1 ]l = 36.0 W/m·K 
nx3%5 lcg/m3x765 J/kg·K [24.57 - 23.00J°C 

<J 

where 

15 W l 0602 , = 2653 W/m . 
2(1txO. /4)m· 

With the following pmpcrncs now known, 

p = 3965 kg/m3 ',, = 765 J/kg K k = 36 W/m·K 

SCllrCh now in Tobie A.2 fint 10 ,cc whether values arc typicnl of mctalhc or non-metallic 
mntcrinls. Consider the following. 

• metallics with low p genemlly have higher thcrnw.l cooductivirics, 

• specific heats of both type., of mntcnnls arc, of ~imilar magnitude, 

• the low k vnJue of the sample i~ typicnJ of poor metnlhc conduc10n which ~•ncrnlly have 
much higher specific hcalS. 

• more thD.ll likely, the matcnnl is non-mcllllhc 

Begin <enn: h through Table A.2, and rmd the ,ccnnd cnu-y, polycrysutllinc alummum o"dc. hu, 

propenics at 300 K corresponding w those found for the samples <J 



PROBLEM 2.20 

KNOWN: Temperature distnbuuon. TC~,t,z). withm an infinnc, homogeneous body •ta gl'cn 
1nsum1 of lime, 

Fl',D: Region, where the tempernturc changes with time , 

SCHF.l'tlA TIC: 

c--T(x,y,1.)• x•-2y2 +z'-xy +2yz 

Z~Infinite med,um 

X 

\SStl\1PTIONS: 11) Con,rant prnpcnic, of infinite medium and r2) No internal heat 
i;tncr.umn 

\ 'lfAL \'SIS: The temperature d1<tnbu11nn throughout the medium. at any ln<tant nf umc, mu,1 
,.n,fy the heat equauon. For 1hc thrce•dtmenslonal canes,an eoordlna1c system, wtth con.\lam 
pr<>pcn10, and no 1n1emal hcJI !!•ncranon, 1hc h•a• cquauon. Eq 2. 15, ha< the ronn 

,iT i12T ci2T I ill 
-,-'l"-----,+7"'"'T=--::-- . (I) 
r),• cl)· dr u di 

When T1,.y.ll <au,tics 1h1, relation. then con-..:r-anon 01 .-ncrgy at eve') point in the mew um 
is sall'licJ Sub,111ut1nj! T(x,y,t) 1nto the Eq l I l. lirst tind the gradient>, clT/ih, .n-rii), ct~ .• 

d cl d ldT 
- (.!~-))- - (~,·-)(+~11 + -1:?1+2.v)= - -
u, dv dz u ilt • 

Performing the d,ffcrcntiaul'.ln. tind 

, _ 4 ,,=-1 iJT 
- - n ii, 

That i,, 

i~ = fl ,,, 
,-.h1ch unphe~ 1hal. rur the: g1,·c:n tnMani (lf ume, 1he ,cmpcnuurt: \\-1II e1-:erywherr not chanie. 

C0\1Mf'\TS: Smee v.e do not ,now th< 1n1llal ond boundary conchllon,, we cannot 
detcrmmc the 1cmpcrnturi tlJ!ltt1hu1mn. Tr,.y.1). :n an} future umc. We only can dctemunc 
that. lor tJ11, 1-pccrnJ msrn.nt uf llmt, tin: 1i:mpcr,.uurc wJll not change. 



PROBLEM 2.21 

KNOWN: Steady-state temptrntwc dullibuuon in • cyltndricdl rod having uniform heal 
gcnera11on o( (}I:; Sxt07 W/m3 

FIND: Cal Stendy-siate centerline nnd surf.Ice heat 1mnsfer rJtc, per un11 length, q; (bt lnmal 
umc nuc of change or 1he cemcrhne and surfoct 1em1'1CrJtu~~ 1n rcspon,-c: 10 01 change 1n the 
generation rn1c [T(Jm <it 10 <ii= 10" W/m' 

'iCHEMATIC: 

ASSUMPTIONS: Cll One-dlmcn,ional conducuon ,n the r d!n:cuon, (11 llmform gcncr.mnn, 
and (3) S1cady•St•te for q1 = 5•107 W/m1 

Al'A(, YSIS: (al From tl1c rate cquauon, fi,r crltndncal coordlna1c,, 

ill dT 
q, =-k- q=-kA,-. 

i)r ilr 

Hcm.:c:. 

"' 
• i)T 

'Ir= -1nlrr ilr 

where iJT/ilr mn) be evolwued from 1hc p«wnbcd tcmpcrnturc d1>U1buuon. T(r) 

,\t r=O. the gr•dlent I> (;rf/iJrl = II. I l<nce, fr<'m F.q (I) the htllt mtc i, 

~.,o, = o 
Al r=fuo thC' tcmpcr-.uurc gradient I:, 

iJT] [ "1 <ir n. =-2 ~ 167,JO-' 
01

, (r,.)=-2tJ lb7vlo'l!002Sm) 

~; ] = -0~0&, In' Kim 

""· 
Conunucd .... 

(I) 

<] 



PROBLEM 2.21 (Cont.) 

Hence. the beat rate at the outer surface (t=r0 ) per unu length as 

q,(r0 ) = -2Jt (30 W/m K) (0 025mJ [-<>.208> 10' Kim) 

q,(r0 ) = 0.980 x IOS W/m <J 
(b) Transient (nme-depcndent) cond11Jon• wi LI cx1s1 when the genr:rution as chani;cd. and for the 
prescribed assumptions, the 1cmpera1urc is dc1ennmcd by the following fonn of the heat 
cquution. Eq. 2.20 

llcnce 

I iJ ( aT) . ilT -- kr..._ +q1=P<;,­r i)r ur di 

Howr•er. muinlly (at 1=01, the temperature disuibuuon as given by the prescribed fom,. 
Trrl = K(Xl- ,1, 167• tn5r'. and 

I ii [ il'T] k i) r iir la ilr = r ~ (r(-83~4,llf·r)) 

k ,., 
= - (-16h6~•hr n 

r 

= 30 \V/m K [-It, ('68, ta5 K/m~) 

= -5x107 Wtm' (the ong,nnl q = q1 J, 

llencc. evci; where an the wnll. 

ilT 1 (-5,to' + 10•1 \Vim' 
11Cl0/k!!lm·1 x ~no J/kg K 

or 

<J 

COI\I \1E','TS: 1 I I The value of (c/T/ii1) 11.111 decrease with 111creasing nmc beyond t=CJ. unul n 
new ,1ead~-,rntc condition is reached and nnc-.: again fc/T/01) = 0. 

r2J By :,pplying the energy conser.auon requirement. Eq. I I la. 10 the rod for the s1cady-sin1c . . . . .. 
conwum1, E,, + E,,,, -E.,u, =O llenccq,(01-4,cr0 1=-q1cirr;1. 



PROBLEM 2.22 

KNOWN: Tcmper.1turc dismbuoon In • one-dimcns,onal wall wuh pn:;cnbcd 1h1ckne,, and 
thermal conducuvuy. 

l'CIID: ro) The heot generation rnu:. q, in the wall, rbl Hc.11 Huxes at the woll foce, and rclaut>n 
1oq. 

SCHEMATIC: 

IL,SOmm 

ASSU~1PTIO!IIS: (I) S1ead)·\Ul1c t(>ndl1ion,, (?J Qnc,dimcns,onlll hcot flo..,. (3J Con<tnnt 
propcrtiC>. 

ANALYSIS: laJ 1ltc npprop.riatc form nf tht hcor cquorjan for .;1e11dy~m1e. nne-dlmcn,mnal 
condnions wi1h con51unt pro:pcrucs is Eq. 2.15 tt•wmtcn as 

4=-k d~ [ :: ] 

Using llu: fnrm for the. cempcmturr dnmbuuon. cvalwuc lhc grucbcm giving. 

4 - -k ...!!... l' _!!,_(a-;-bx21] = -l _!!,_ f 2bx f = - 2bk 
dx dit d< 

~1.:. :c !OOO<?CJ-m2l - 50 W/m·K = !.0 ... 10-" V,'/n,J . <l 

1h1 ·1nc bc:ul Hu,cl'I at Lhc wall fat:cs. \:Jn t,c:: t:\.'alu1utd from F,,uncr'i Liv., 

q:(,l= - k !!' ], 
Uc;m~ the 1cmpcrarurc dl~mbuuon Tix, to t:V31Ul'H~ the gradJenl, find 

- d • ,1,(,1=-k -d fo-;-b\"J= -21.b, 
• 

The' flux iU the- fa.1,:c x::O. is thc.n 

4:!01 = 0 <l 
lllld Jt, = L, 4:1L1 • -2kbL -~ • ~OW/m K 1-1000°C/m2J • 0.050m 

q:(Ll = 10,000 Wlm' <l 

CClM'.IE.'ITS: From 1n o-cr,11 energy ba!w1ce on the wall, it follow> 1hot 

E, E,,,,+E1 =0 q,COJ-q,(LJ+qL=U 

q·,( LJ - q,• tO) JO ()()("'/ ' ti 
q = I, = ' o.~;o::· - =~.a. J01W/m

1 



PROBLEJ\.1 2.23 

KNOWN: Wall Ilttclmcu. Iltcmlll conducuvny. 1cmpcnrurr dmnhuoon. ond nu,d 
1cmpenuun: 

FIND: (it} Surface hca1 nuc1 And nuc of change or wall energy s1oragt pc:r unit area, a.nd (b) 
Con-.•cction cocfhctfflL 

SCHE\fATIC: 

k=IW/m·k 
T(>t) •200 · ZOOx + .30"' 

I 
I 142..7°( 

-,---+, ,---➔ 
q•in • , q• out 

I I 
11---... , 
f--x IL•0 . .3111 

i i {&;) 
,;,, • 1oo·c,h 

,\SSL MP'TIO'\S: I 11 One-d11nen<1onal condur:uon to •• fl) Con•tanl k. 

A.'-IAL YSIS: (a) From Founcr', I•-.. 

~ q, = -k - = f2(Xl - 60xl·• 
ih 

q:,, = '] uL E (lOO- fiO • 0 3fC/m • 1 W/m K = 18! WJm' . 

r\prh·ms Un energy balani:c to .i concml "·t1lume .1.hou1 the wall, Eq I. 1 ta. 
• • 

" - ~ t,1 =-q 111 -q<IU,; IK W/m .. 

H>l AppJylnJ! .t \url.tce c-ncri:~ h;,.lnm.-1:! .11 \-=I .. 

q:,, ~ h[T(LJ - T .. I 

h = tfuu1 i:; 182 W/m' 
T(LI •T.. flJ2.7- IU01°C 

C'CIM'l'1F'\TS: 1 ll Fmm the h~t cqu•11011. 

!olJilll = (k/pcpJ iJ2T/nx' = 60!k/pe,. I . 

II rnUo..., s th.11 chc 1c-mpcn.1urt •~ in<:~)IOJ wnh ume 3.C C\.'tf)' po1m 1n the w1U 

<cl The value (lf h ",mall :ind" typical or tree ccwwe.1100 10 a g.u 

<J 

<J 

<J 

<J 



PROBLEM 2.24 

KNOWN: Tetnpcrarurc distnbuuon and di,mbuaon of heat gcncraaon ,n contral l•ycr of • 

solar pond 

FIND: (a) Beat fluxes at lower and upper 1iurfaccs of the centr.tl layer. (b) Whc1her c.'.t"l1ldmonJ 
arc steady or IJ'lltlsicnt, (c) R3tc of thenn111 energy gcncroaon for th< <nun, central i•)'cr 

SCIIEMATIC: 

M i,ced layer 

ASSUMPTIONS: ( ll Central l•)'rr 1, ""gnant, (2) Onc-<limcn>1onl1I conJu,uon. ni ('"'""'"' 
propcn,c,. 
A ,,__Al \'SIS: ht) The de\tttd Ou."Cc, 1.:orrcspood to conduction fluxes 111 the central layer a:u 1he 
lnwcr and upper 1;ur1uceS- A icncral fonn far the conduction ttu, 1.5 

• oT [ A -u ' 
q,_, : -l iJ. 5 - k • • C + BJ 

,i1T • I oT 
--+~::--
ih2 k a ilt 

I Jenee condh1on!i arc 1rca,/\· "lim.:c. 

<JT/dt -0 tlor 1111 U S, S LI 

A ~u /\ ., l in --e +-e =--
' k ttih 

(c-> For tb~ ccnrnl lt1yt:r. the cnrrav ~enernuon t, 
l l '" f.1 ::J

1 
l4d,=AJ

1 
e·uru 

E ;-" e•U IL:-~(c"--11:~(l-c aL) 
' .i n .i :i 

Ahcm.tt1\'ely. from in D\'er.tll cnerg)· b.1.Ltnu, 

<J 

<J 

<J 

COMME1'.S: Coodu,uon ,, In the nega.uve •·dircc1lon, ncccst.1t.1ung u~ of m1nu, ~1gn!- 1n 
chc above energy balanc,. 



PROBLEM 2.25 

KNOWN: Temperature dtsaibuoon 1n I scm1-1rnnsparcn1 medium subjected 10 rndtonvc flux. 

FIND: l•l F.ll]mssions for the hco1 Rux OI lhc fro01 ond rear surfaces, (b) Hca, gcncrnaon 1111c 
q(x), (cl Ex11rcss1on for absorbed nsd1a11on per uDll surface "'"" m terms of A. •· B. C, L, and k 

SCU£MATIC: 

ASSUMl'TIONS: (II S1c:id~-<1~1c cond.111ons, 1!1 Onc-<luucnsionnl conduc11t1n m mcdmm, (3) 
Con'1IDII propcn,cs, 141 All la.scr 1rrnd.1111ton is •bsorbcd and can be choracitnzcd bi· an 1nu:mal 
,.-(,lumemc heal gcne.ranon tem'I {l(x). 

ANA.L YSIS: fa) JVmwin~ &he tc::mpcr,uurc dhtribution. 1hc surface hea1 ftu.;\Cl 11te found using 
Fourier·~ la~. 

<I 

<I 

1b11l1e he.at diffo~icm cquilllon for the medium Ii 

J_(dT)•~ II .u d., k "' q 

<I 

(ct Periom11ni; 11n cncrg)' ba.J.111\cc on the mcJ1um tl\ !tihrtwn abo\.·c. 

n::~·n,gniz.e 1ha1 E~ rep~scnis thr :sh,cir~ UTt'ld1nuun On u unil an::i b:u.1s 

<I 
/\ltrmaU\·cly. cvaluatr e·~ hy rntetrauon fl\•er 1hc \·olumc of the medium. 

E"1 = f q'f).Jdl • ri. Ae-"d.tc -~~ 1e-0 Jl = ~{I e•..i, 
"" .le .1 u .:i 



PROBLEM 2.26 

KNOWN: Stcady-sm1e tcmrrature dtsaibuoon in • onc-dllnens1onal wall of thermal 
conductivity, T(x) c Ax3 + 8,r + Cx + D. 

FIND: Expressions for the heat gcncrnnon m1c m the wall ond the hem ffuxes at the two wall 
faces (x • O,L). 

ASSUl\fPTIONS: (I) Stctldy-suuc conditions. (2J One-dimcns,onal heal flow. (3) 
Homogencou~ medium. 

ANAL YSJS: The appropriate fonn of the heal diffusion cquntion for these condition• L< 

d1T • . d2T 
-+_g_=O or q=-k-. 
dx2 k d,c1 

Hence. the genernnon rn1c b 

• d [ dT ] d 1 q=-k- - =-k-l3Ax +2Bx+C+OI 
dx dx dx 

ti= -kf6Ax.,. 281 <l 
which ,i; linear with the coordma1c, , The heat fluxes nt 1he wall faces CilJl be evaluated from 
Founer•s law. 

q~ =-k :: =-k[3Ax1 +!Bx+ CJ 

using 1hc c,prcSMOO for the tt:mper•1ure gmd1cn1 dcnvcd nbove. Hence, the heal fluxes an: · 

Surfarr ,=O, 

4';10)-=-kC 

Surface f:L: 

CO/',,ll\1ENTS: CI) From on nvcrnll energy b:dnncc nn "1e wall, find 
. . . 
E., - F~•• + E, =O 

<i':,01 -q'; Cl .J = (-kC1 - <-kll ~AL1 + 181.. +CJ+ £1 = 0 

E'~ =-3AkLl - 2BkL. 

From tnlC(!T'JUon of the volumec.nc he:11 mtc, we can ;tlso find E'i n, 

F.'~ = J;"iil•Jdx = iL-klliA, + 2B Id, = -kl JA,2 
.,. 1B~I~ 

F.'g = - 3Ak.Ll - !BkL. 

<J 

<J 



l\.,ow,~ Pl..mc "'.ill '41th no m1em.lJ encrg~ gencr.-.liun 

► 1"11)1 lklL"Trnmc Y.llc1her lhc: P"=,;c-nhcJ tcn1p<rJ.1ure d1\tr1hu11cm h J'K•"1bl1!' r,plJm ~our ,e.a~omn~ 
Wnh 1hto lt"mpcr.uun=.f. T,n, a; O'C 41nJ T_ : ~q-C li1t"tl.. c::t1mputc ilnd plv11he 1empcr.uun- T1L1 "'-' ,1 
1un..:1111n ~,1 lh( u,n,c~lllln c,1C(i1~lt'DI tvr th,: ri1n1c- IO! h S l(IO \\'.Im"." K 

SC"HLM \ TIC· 

12D 

r1•q 

D '-----'-• • 

T(OJ ...... = JI .... T/1.) 
q•O - - :t-c.-==--...... I I 
•= • 5 W1m-K o l • O 18m 

T(LJ 

q•, (LI - q•cv 

r.= 20 "C 
h •30W/m2K L 

~~l \JPTIO,'i: (II On,-d1men1imnJI ,11nJl.k't11•n 1 ~t l\o 1m!.'rnJI cni,g~ iene~u100. C' 1 C'llfl,Lmt 
pr, n,·ni. .11 I\, r.i.J1.11u,n tl,h..tnj.:t" J.l the wr1.Kt,:: L. ,md t .5) .~lu"1)•'1..ttc c::nnd1uom 

\'AI \ "*"• h rhe rre" nhc.-J tc-mJ't'r.uurc- dht111',cut11111 rM.,.>1ble" If ,\,. 1~ cni:r~~ h;alJn•e at 1h-c-
•u1r1': i .,~ th,1wn illl-0,'C' an 1hc Sdl('m.,11~ 010,1 be 1;msf1eJ 

f • r '= ''II ... -
•(Ill• lJT' •-~ fll.J TIO)• .J~\1/m l.:x(l~fl -Oi"C/Ol km a-10001\'/m' 

J, /,,, I 
,j"' h[Tfl.l l,.);-lf1\\/m" ~,,.11.:!0 1ofr.aiOflflW/m! 

'\ut,,11111ru1g the he.JI nu.-. ,·.ilue, mri, l:~ f :,,, lmJ , .. ,uoo, .. i ll'.Jf11.J1 • U lllld thcrdorc. ,h~ 1cm~r.t1ur..­
ll1\lt1t,ur1~•11 1, n,,f rlb,1hli: 

\\.11h 110 _ ,, c· ,,nJ r_ :i :u·<...1hc IC"1('\.'J,t1Utc JI the \Url.11.t" '.: L TtL1, C.Ul l'C tli:1t·t11UMli lmn1 Jh 

o,('1.11! L'1Wf~) l,.1.lJ.110.i: c,n lh1..• Yollll ,I\ •hl)"4n JJ"(}\e 1n lh~ ~1i:ht"mJf1;; 

TIL)-T(Oi [ . 
q;1111 q"' .o -~- L - -- hTtLJ-1_] ;;:0 

-.J<\\lm i-.[r1L1 

111 .-w: 10•1 C 

11 r)lob-m-111\\/111· "-[TU J-~o-C]:u 

I 1mr 1111, ,;amt" .1nJlu11, ltU ,u .1 lu~IIL•n tJI • 
1hc .;cmc1i 1, ... ,n tt1cfrl,.1cm c .sn ti~ Jc1crnuonJ 
.an.I pl11t1t\J \\ c J~,n • I C':\ rc-c-1 T • l. 1 10 PC l111C"wrl~ ' • , 
J~rcn.L·t11 Uj"'\•11 h ~ote thJl ,.,.. h Hl,.R:"J-.Ci. 11, i • 
'.,r,cr \ dw:,., Trl , .1prro.1.:h~s t. l'n "hJl I \ .a!ui: \~ 111 l1 l I Jprrna.:h ,I'> h Jc1.1c.~,~~ I • • • • 

' • • 

~-

~ 

• • ·--·····-·· 

< 

-, 

• 
1 • -



PROllLt.M ?.lH 

h.NO\\ '\: Coa1 p1lt' ol rreK.nbcd tJ\!pth r,peneni."1n1 umlotm \ 1.'tlumctn, icnerauo11 "1th i;on\'c-.;111,n. 
Jb~1rhc!d 1rr.uhu1tun 1.111J enu~i,on on 11, upper ,urfac.c 

nl'\O: ;,) The ,,ppwpmuc. fom1 ,,r th~ lit~I di..lfU.'-ll'\A equiJIIOO i HOEi 1tnd \\ hc1hcr the prt'~nb<d 
1cm~ra1ufl:- Jhmhuunn ,.iu!.f1c1, th1, HUE.: tt"ruht1011'- .u tht hc,m,m Cir chc rile. ,-. = ll, -.l.c11.:h or 1111: 
ti:m~rillu~ J, .. mhutil,n with JJ.bd1ng of L..c~ ft.ttur~,-; tbJ E,r,c~,1nn fur 1h.: ,ondu~lton he.JI mh! 111 1hc 
1uc:st111n .\ :- L. ~.-,r~'"'" for lht" '-urfa,.;c tc.mp,c_rJ.lurc Ti b~c,ed uron .i. s:urt11,c cocrg~ b.ll1m.:c: 111, -- L 
t:"'llluau: T i.md T101 ror tht pr!!.1;cr1bcd ccind1t1CtR\. !cl B.1Jcd upcm l)pu:.tl d,ui) a"crn.@l-'""' forG" .anJ h, 
1.·11mpu1r :mJ r,lm T~ w,d rf0.1 for I J • h = ~ Wlm' I\ w11h 50 S. G\ ~ ~00 W/m·. t!l Ci, = 4tM'I \\'/m· "1d1 ~ 
< h "4J \\ 1m' K 

f 
• 

\~'\LI\IP'JlO"''.'\: 1 I I One,duncn,h,naJ 1.nnduc.11.nn. 11) l'nuorm ,,aluml!mt hca1 ~cncrJU(tn. \ l, 
C ,11 IJnl P"''I"'"'"'· .J, ~'-"J?hl!Jhl(' m.&J111Hrin frt•rn the. .,urruundlllt!-"'• 11nd t, 1 St<IW,-,t.th: ",,0J111nn, 

l'ROrf RTlf-"; Tuhl~ \ {, Cl"•al ,ooK, Si..,.,. U 16 \Wm K 

\"·\I \ SIS: ,1, F11r Llnc-J1mt'm1tm.1I, ,.tc-.W;,-....,Lu~ conJui:um, 1,1,uh um form rnlumctn1; hc.11 ~cncr.iuon 
•1,I ,in,.1.1n1 pr~'f't'm1,,·s 1hc hl•,11 Jiltui.mn cqu.-1u1n tHOF> follo"' rmm Eq : 11,, 

J '!f)• •I •U 
Ju J\ ~ 

q I < 

a.-·- o tl [ ql' ( 
d'< ~k 

I z_, \J 

< 
h,1111 E1.1 •~L 11,,He lh.11 th,: h:mrc,-rnturi: 1,h,1nhu111m nu,t-.1 hcijUJJJJU.;. "•th nw.'lmum \.Llm: .i.1 \; I.I \I 
\ -0 1hc ht-..11 i1u, Iii 

,.. II 

,io 1hJ1 th,: ~r,1,hrn1 .11 , : fl I" /t"hl Hcm:c. thl· h,1t1r1rn 
1-. in~ut.ucJ 

q',llt qL 

1 / f>arabohc shape 

Zero gradlenl 
al boUom 

0 '--:----'--
r, T!OJ 

< 
Cun11nucJ 



PRORI.F.:\I 2.18 IConLt 

From ii ,url.K'C cners> hal.ancc ptr unn orl!J ~hown 111 lh~ S1.'.hcm.n11.: .abc.nc. 

E,. - 1.:c::. • l', = II 

yl-li(T, -T. J • O Y~G, «:rT,' = O 

1ow·m·,<1n1-~\\'/m K(T, ~•l~I\J •0••~,4001\"/m' -u~5.-:\1>7•11l '\\"jm "'l ~o 

T ~ ~'15 7 K :!! 1 C < 
from Eq 1:.1 \\Uh,:. o. find 

.,..her" 1ht lh~rru1d cnndu1:.t1\'II\ Jett C\JJI 'o'·J, 11!,tJmc:d Hom I ,1hk ,\ :i. 

(CJ Tv,o plul"' .uc i;c:nl.'r.tte<l u,ing E4 (--l I u:nJ 1j1 lur T. ornJ Tio,. rt!1pc1.:"11\· l"I} 1 I 1 \\Uh t: - ~ \\j m K f1.•r 

~II S: r;, S" IIKI l\1m' and 1!) wath G, = 41XI \\"1m· for~~ h !, 511 W/m· ii; 

~11o,,t.'ll'~ f'l•l'f'l.~IC ., 
., 

.· ., 
• 

:~,.. -i 
• • 

f IQ 

t • -- - • 
""' r;:. ... .,, 

'"' 
,. . .. "' 
~ 1llfl..- .. ,. w .... -." 

-· - - - t,. 

I-rum thl." T \,- h pl1.1r v.nh (11, c .tOIJ \\",111 •• nl11t..• 1h.111hi: i:uML',:lluH lu<llktc:nt U1'4.:'~ not h.1vc 1l m.1.Jut 

rnnu .. ·m:1.- I'll the )U:n,1-.--e 11r l'i1•U1tll1 "·r,.11 ri le l~mpt:rJIUrt'\ Frum th\:" l ,~. ("j._ plut '>Atllh h _.;_" \\ 1m I\, 
IWI\.' th.11th(' ~l'l;.ir nr.aUt.11111 11 h,h J \Cl} !ttfntli.;.rnl 1.•fll.'1.:111n thr: temp1!r.1turc~ Th!! , ~cl th.11 l ,,. 11.•,,. 

lhJr .. tlu: ,l:llhlrlll ;11r •~mpt'rJtUJC. T •• mJ i11 lhc" (J.\C" \'11 \Cl} !11" \",tlllt'" 01 Ch, hdo,,_, fr'-·c11n!,;-- 1," 

" 1r1.,c4uc"n1.t· -ii the: IJ.C~1.• m..i.g111tudr Qt the: c::111,,,,c p11\\1.·r 1~ 

C-0\1\JF, n~: 111 IUI 1U1,,J~,, .. \I.C' 1g11u,i.:J nnJ1:11111u lf1•111 lht .. 1,,l ,In l.'n\trnnrn~ni.il r.:1J1,1T11111 i.:hi:,1 

, 1u·11 :1•n•1Jt • m ChJph·r I~ ltcJh:J :.1\ l,ug"" 1,111hcm1J.J ,urruu11Jmy•, r:loL, ~ ur;:~ ,\ht:ri: T,, =- to· C 

IM \Cf~ ... le.JI ~-•11J1111111, .m,I n..:.trl~ Jtr k111r,a.·1.111m.• lt1r ..:.k1ud~ c11mJ111on, four l.,m G:i 1.'.011J111tin, Vil." 

,tii,ulJ t:<•n .. ,JL•r G"'" lht: d lc~t ol \\hii.h ¼Ill t,." Ill rredJ\1 l11ghl'I ,.itue~ to, r •• mJ 1,01. 



PROBLEl\1 2.29 

KNOWN: Cylindncol ,y~m wilh negligible temperature vananOfl m lhe r,1 dlrccnons. 

Fll',D: (a) Heat cquauon beginning w11h • properly defined contr0l ,·olume, lb) Tempcra1un: 
dt<1nbu1ion T{ti>l ror s1eady-sia1e condmons wilh no u11cmal heo1 ~•nerauon >nd con"on' 
propcrues. Ccl Hcoi ra1c far Pan (bl condltton, 

SCHEMATIC: 

\SSIJMM'IONS: (11 T " tndepcnden1 or r.z. !lJ ru = cr0 -r, l < r,. 

\ 'I .\J YSl5: la) Deline lhe control volum,: n1 V = r1d,;, ru L where L 11 lcn~th nDlllllll lo p•f•· 
Apply 1h• ·nn<ervauon nr energy requ1remcn1. Eq I I la. 

• . . clT 
F.., - E,,., + E1 = E,1 q0 -q0 ,Jo +qV = pVc at ( 1.21 

ill ii where q0 =-k(Ar Ll - 'lo-<IO = q0 + ,.._ (q0) dQ (3,,11 
r,iio ""' 

Fqs. n1 .,,,1 C4J Follov. from Founcr', 1•11.. [q 2.1. ond lrom f.q 2.7, re,pccavcly. Comb1n1ng 
F.q, ()Jan~ (4) wah F.q I~) .tnd canceling like 1cnn,. hnd 

I <l iYf a,· <J 
- - lk ---J + q = pc: - 1.\1 r/ JQ dO t)l 

Cun!.tdl!nnl! that r :t. art con,i.ant, th1~ lonn -igrt..-cs wuh Eq 2 20 

(b) f-ur 'lit.C.idy·\UllC C'OndlllOR\ \f..'llh q -::0, lht: heal equ;mon, (~J. ~come~ 

~ ll dT)=n 
do dO 

' 
161 

\\'1th c-01u1.an1 pmpcnit), ii rollnw). 1ho11 JT/dQ •~ con,1.t.tu wh1th unpbn Tt4n a hntJI m o 
Th.1.11 ... 

'" 
fc) The- htat r:ue for the C(•l\d111an" nf Pan <b) folh\'-A>·~ Imm Fount..--r·, h1w, r:41. n,. u~ln~ the 
1empcrornr, !(r.ldJcn1 of Eq C7 ), Thai "· 

J [ 1 l [ r.-r, l t]o"-ki,\rl.l- ~-(l,-111 =-~ - L1T,-T,> 
r, it ITT, 

t:O\tMEJ\TS: No1e !he e,pre'""" for lhe 1cmpcr>1urc grad1cm tn Founcr's lov., Eq. (3), 1< 

al'tr,,1,:, not ilT/ilo For the condJ11on, <>f Pan (b) and le), no,. 1h,11 q(¢l 1> 1ndepcnden1 of¢, th" 
1, lir<t nntcd m Eq. C6J and hnally conlirmcd in Eq. 19), 



PJ'lOBl,EM :I. I 

KNOWN: Onc--diD'tf.lD!ionn.l, planr· wall tteparallnl; bot and cold !luid1 at T ,;- 1 :1.ntl 
T . 2 , r~pedh·clr. 

• FIND: Tcmprrat.urt disLr-lbutlon 1 T(xl, and heat Hux, •h.• i11 terms or T ..-. 1, T-.: J• ba, 
h2, k and L. 

SCHEMATIC: 

Hor f/u,d 
r...,1, ,,, / 

L-, L 

ASSUMPTIONS, (1) One-dimen,ioool ,oaduc<ion, (2) Stcady-,mw eonditions, 13) 
Constant properties. (·I) NC11H~lbl• r:uliatioo, (5) No R•nrration, 

A.t'l.AL YSlS: For th~ for('gnintt conditions, th<- ~encral i:;,olution to th1• lw111 dilfw;ioo 
equ..a.tion U, or Lhe form, Equ:Hioo 3.2, 

T(x) =C1x +c,. (I) 

The coo,l.L\Ilr.s or int.egrat.1on, C 1 :md c,.. are drt.rnninrd by u~lng '!lurr.ac, 
ha.lance conditions M x=-D :t..nd -x L, Equation ?.23, :1od as Hlustr.al.C'd abo,·t•, 

dTI • dTI -kdx •h,lr<.1-T(O), -kdx =h,IT(L)-Tx,I• 
.-u ,-t 

For the BC aL x=U. Equation (2), u,~ Equation (J) to find 

-k (C, -"- 0) = b, IT x,) - (C1 ·0 ..._ c,JI 

and for tho RC at x= I, to llnd 

Mu!Uply Eq. (·I) by h2 •nd Eq. (5) by h1 , •dd the equ,t1nns In 
1Ubstilutc C1 into Eq. (-t) to obtnin C2 , Tho rcsuhs .a.re 

obtoln r, 

rr, , -T ~,,l (T.., 1 -T ,.,) 
c,-= c, s=- --------- ---T t'IC' I 

x[-• - _I+~, h 1~ ~ ~.;. ~, 
h1 b, k I h, h, k 

I X • I l k .. bi° +T. I 

enrrgy 

(2,3) 

(4) 

(S) 

Then 

<J 

<J 



PRORII \I .I.? 

K~CH\ '\. J ~rl.'.'ratu1e, .111J t.:nO\ i:.:tiun -.:oc11 IL 11:nh .1,,1.)(1J1eJ w11h air .ir lhc 11111cr ..ind l,u1r:1 ,m1 .1.:-I!"' 
•I .a I • Jr '-' 10d11" 

Flt\ 0 : .a Inner Jnd outt-r "inJL1" ~ur1.a-.:~ t.:mpL·rnturt1. T .mtl T .inc.I • 1', 1 • .ind T, ,h J 1u111.111111 ,,1 

1h l!Ut 1~ Jir tr:mpr:r.1rnh.• T J.nd tur ,c-lci:1~•u \ .1iul.'.'ti. ,,1 C\Uh:r i::C1m-ci;1n,11 c,.,dfl.:-11.·m . h 

\CHI \I \fl,: 
Glass -

••• Li1I 
q' 

I 

L - 0.004m 
-

T,. I= 40°C 
h1 ~ 30Wlm2 • K 

\SSt \l rrro,s: 1 I '-;(cJd\•\l.&k ~-unJuwn,. 12 (Jnt-•Jlln('ll',l!J11al cc,nlluct10n. 1 11 ~~gllg1hl~· fJJJ.itl<ln 
·th: t ➔ C 1n.,t.10l pn)rcr11cs 

q 
T -T J1rc 1-1u·c1 • 

L I - ---,------,l""J1'-11s-1-1.:,=:n---.---
• 

h ~ h. o5\\' m i.; IJ \\ mi.; 10\\ m· i.; 

,n- (" 

flJIJJ5J•UIJ0~9-11llJ3JJm K \\ 

ll::r1i..r \\llh •I 

r 

h (T. - r. 

q 

h, 
-Ill ( - -PJ C' 

t,5 \\' Ill Is 

< 

< 
1b1 l "",111~ tr.c !J,lmc .mJh,1,, T JnJ T, ha\·c hL"cn 1.:1Jmpu1cJ ~1nJ pln11ed J...' j lunctmn ol the oul,1Jc ~ur 
ti:111pcr~lUl'c.'.' r lnr OUh:r l.:'00\Cl..'.111111 t:11.:ff1~·1cnt, C•I Ji e 2. 05 •. md JOO \\/m· K A, C''tlX'dcJ, TI .snJ 

T iilrl'.' hn~r \\Ith ~hJng~ .. in ,he ,m1•1.1J~ .,1r h:·mpcr..1turc The U1lferen-:i: ht.·l\\~~n [
11 

J.nd r mtrra.5-c., 
\.\Hh 11hr1•.1"tn~ iii:'Oll\'~~lh1n C\~111,,:11:nt. ,.,nee lhl" hL·.11 clu\ 1hwu~h 111~ \\lnJ1,"- lt~c\\hf! 1n ... rtJ\l":S nu .. 
hrh.'rL""n~e 11,, l.n1!cr ,ll h,v,t'r om,1di: ..11r 1l"fll)'c.:rJtutt.•., h>r thi: -..Jtnt: rc.:tM,n "\,',Jtt: lh..11 v. uh h =: \\'Im I\,. 
T f l'I tnn ... m.1l111, • hll\\ un fill' rlu1 
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PROBLT\I J,.! CC11111,1 

- '• ... lte.,_"'I• 
- ,.,,. ..... 1~ ...... ,. 
-- To t,1.u.-.-i• -- "···-~--•,;• 
- •••ln ... ,A•• 

The large.s.1 rc-11.i.unce 1t that :btoc1.ued wuh ,on,.·cL'.UOn ill thr: mnl.'r ~un.1...::c 
~nuld h: ini;rcas.cd b,· mc.tt.n•un~ th~ value nl h. . . 

Th• 

, ~ The JIil Tri, rtr1ul R~ uHa,ru .\irnwrl. \JoJi1I "'" u,e,l t" 1.n:att .1 modd N 1hc "'inJm, .md r~•n<n.11t 
1he .it1i1,,c rlut The- Wor!i.~pJ~c 1, ,-hown belo,.., 

H Ttl«m.11 R•1i•i.nn N•«worli. Modal , 
Tf'I• t'#TNO(. 

f·· •-:.if, . 
rle"1 •a1ttt. l'!O •'OGll 1,;..1 tllTl)i.-;p'I ll'!•lfflaJ , .. 111ar,1:• ~1, 

•i:'1 ■ ,i~ THIR21 
'1']~ • !Tl 12'11 R32 
'1-'l • l" Tll I Rll 

Nol»!.,,,,,;-, Oftlftncn 
tl,1 •t.12,.0 
~ llZ' • GJl • 0 
13 q.\Z • c>&J • D 
l"'CH.S•~ 

·• Au,Qt!ed va11.at11•1 ~ d•Ml•,:I 111• q R.4i a!"IO ' 1 ~~ A'lt '-" U\0¥,n1 Ml 01 ._ O •or •'"o~ l'IO(la' poinra 
41 wfb:;!' ,...,. • no • • 1.mai IOUrteOI r-,eal • 
r, • ...-~.'..J 1I011t1.oe,11rtem~nll.Jr• C 

111 • 111-141ar ratl!I, .,,, 
r,. tao 110111etsun1c.o~,l)f1a11.11• C 
·a ._ 0 II Heal ••If \\' fl001 •. f'IO •M•MI.• !'IHI 101,m:• 
Tl• 1' 11 II tnn.t 1urta.:. ltmpelll1U,.. C 
Jl • 0 ft H•■t rale W. nao. 2. ni: ad•tr\lr n1twi 101.1rc. 
T ~ • T 1111· 'r; I~ &ii l~ptt'Jh.Jtll C 
04 • 11 Heat ta! t \1'1 

,, Tharmat AnlltJIICHt 

R21 no·••I 
Rl2• 1. ,._.,,_ , 

P~1s, ,,.. ~• 

ti 011'\et AH'9"1td V•ri•bl•• 

Co,wet:t,ol\ tr>"'m.l '•'"•t.lfll:e. KJW, o...iei turl•e• 
'ConoUClll;l't lnt,tffllll lHIS.larll:·• tf./w ljli.u 
'C"',G'WIIIICtll;YI ~•rr,al ,u,,1.1,ic~ f'o W -~ tw"..ar• 

!1n~- 10 '0oJtluht I 11!!~.l'Uf6:,(; 

hi.a 65 Canvt11r.hon eti,.lic1f!!1t W·m•:? to. oui.- iurt6c:• 
1,. • 'J OOol ' Thlc1t~na ~ vi.u 
., • 1 • Tho-t'Tl•I condu.:tnt•tv w.m I( Q;..LH 
,..,..,1, • ••) I tnsiae 11 11 ll!lfCMll.l'lllt C 
I\> • 30 CottW"aeliol'I cottt,c1on1 w. m '-2 I( 1nr,1t1 lufTae■ 
"" a I • Ctot,,...:,~, •ru ,,. 7 .n1 ~•.l 



PRORLC\J _l.l 

1' ,o,,, !>r,nl!d mnc-r ~un.1..:1t ,e1111'5:t uuu .,, ri:Jr \,1,11\\1" 

• Odlf: 

1 Ht..ui:1 f'l.'"'l~r rcr unn .ire.& rcqu11.:1J ,,, m.e1n1a1n the dr,11ed 1rmf1t.•1 11u1~· .J.nJ 1t,, t t11,r1-i!r .inJ 

~.in.:.,J pn"'cr rtqu1n-mcn1 .1 ., 1um:utin 01 r. 11.'lf 1hc r.mfL. lf\$1,. s n C "'-Hh h. 11 ~ :, ' 

1·.10 t •1W:m ~ C.-m1rncm1111he.Jll!'1,•rc-r.a111,nnt't'l.htNl11"-h lfh-\• \.\hl.'Tl"\ 1,1h1.:,du-.. 1t" 

pt,:J m Ip ,111\t C'\l191trlll hll'A Jot, lht' ,du.le:,~ .a.llc..::t UIC' nn.•J h,r hl."Ml.tt 11p,.-r . .l1l•'fl 

..,, Ht\t\Tlt': 

r.,-= 1s 0c 

Film-type heater q; 

Inside au 
" T»I; 25 OC 

h, & 65 WJm2 • I< 

r., 

L=0004m 

Window _glass .. 
I Ambient t'Ut -

r .. 0 ,.,ooe ,
0

,6sw1m2 ·K 

-q 
1/h A ' U,A 1/h~ 

• q; 

\ -.,s1 \IPnn,s: I I Stl."iJJ~ ~,1.uc 1."0ndltl{•lt .... • 1. I ,n..:..J1!N!n1111n.1I ht'ill lr..an ,(t;r. I·'~ l n1kn-11 l'h:',lh.'I 

1111, q ,.: f ,,11,1.1111 rrrr'('rtin. 1 '1 \nil1f1hlc r-.aJt.1t1c-n tl1c~1~. '"' Nt:!!ll1ublc- 111111 ~nuri ... c 

I 1111 urt.1 .. 11. .w~.i 

r ·1. 
lh 

• 11i: 

T T. 
" C 

L ~ • I h 

T -T. 
L ••I h 

• l 

I h. 

1:-,·c.1-111 c, 
"""'i:[1,11-1 m I --•~w m ~ r,H\ m " 

1--."·c -1~·c 
I 

If)\\ tn f.;. 

h, n"" ·,e.11.:1 l·k~1ril.al p11utr JC\f\Jllt''""nt tli> J lum.:ta1111•f the c,,cnor .m ICITif'\!I.tlllrt 1,,r d1lf .•1.-111 

i:.,1i:t1m , lfn"t'~·11 .. n ~(.'l,r.111c11:111, 1, th ,..,, n 1n rh,: rlol W111~t1 h,_. a. :!. \\ Im f\ the: ht>111t.•r t\ u11r.:~.,..11 \ 

•l!K'C lhf 1l:w, 1, m,un1.11n1•d .u '" ·ch, 1hc 1n1.·nor .llf It h .,. \ • \4{" r;:olk:IUdl' 1h.11 'A uh h•~hi:1 ,,.-n,~ I~• 
rttJ"- lh" r1.tcr11n 1.rm, c.: 111,n v. ill 1n-.r-eJ<tC;. 1r11uir1nt 1n~·1r.i .. t:tJ hc.n f'\11.\er 10 m,un141n tilt' I 4 t 

h!IIJ11 II --f -I -• ~ 

I --
• • • • • --- -~ -- ...... -. -=. =~·:.:.i:·• 

T - - I h OIQ 
....:..! --'-L-----~-
T, -r. lh•Ll-lh 1111, 

.. , T 



PROUL L\I 3.4 

f\. '\j()\\, ( unnp- ,.,1 J tr,m!<irarent cdm b\ r..sJ1JJ11 11c;.11m,; ~ 11h ,ub,1r,11~ JntJ film \url,1.;( ,uh1C\.·,~J 1, 

._"\'"" .h1.·rm.L1-:,,nd1uon-. 

I· 11'0. 1.11 Thc-nnAI ~n,ull 111t th1-. ,11u.1u,1n.1t,1 k.uhJ111 hL""JI tlu\, '-I 1\\1m l;1 m:unum t.H,md ..1.1 

urmi· 11·mrcr.1..1u1c. T, h, • Comrucc- .mJ plot ll. J~ .. tun\.u,111 ,.11 chi: f11m 1lud.~"'!> k1 n "'L ,. I mm 
.aml ,J, II 1hl! him a:-.. n,:ii cr.m .. pan:nl ,kt~tmm:: 1-1 .. rt~um:d 1,, a .. htt''tl" ho"Jmt r,h.,, u·,ull'- ;J, .11tm\11 111 

,,1 l 

'iCllt.M .\ I It': 

L1: 0 25 mm 

r,: ao 0 c 
\~Sl \ lP I tOI\~; I 1 \1c.1J, ,,1~11..~ ~ond1111,n, . .:: r lnc-..hnocnu1•1ul tital rlci" 1, All 1hr- 1.uJi.im h\'.J! 
nu, 11 I .1b• 01 I· :J it lhi: hunJ, I J) !\l!ph~ble \.l1RL:.:1 n.•,t,wn,.: 

1,,r 1:11, 11uau11n H .. hov.,n .u the n~h! RC-, R; 
'"h.' th,,1 ,t'rm• .l!i: "nui:11 on~ pi:1 unit ~ .. ►AJV\__.'...,V\M"""'""""" 

,IICJ h,l\U roo r, 10 T, 

R; 
• er, 

tlil l ,Jfll! 1h1, \.·ar.;un Jnr.! r'(rll,rmm, .m cni:rr~ h.1L1m.:.c:- un thi.: f1lm.,uJhtt:ih: 1111crlu..:e 

• T - T. T T 
q = H", ... R' R" 

R. I. II 

R" 
' I I I. ' ()(M){)J5m/0,0~"'i\\ Ill " 111iltlm K/\\ 

R' I. -nlllllm 1111<\\ Ill " l101tlm ~ \\' 

tbO :OI C tt>O ifllC 
11 \J- l<f~l)\\/m· ~li3.l\\'1m q . 

[ou~o, uo11JJ111 K \\ 1,0~1J111 K \\ 
< 

.. , rur lht' H,u1,r.1r,cni filt11.1hc ru1.h,in1 nm. f\"\fUH1.•J IP .1dl1t'\t' h11nJU1~ .I• ;a lu11 .. 11t1n of film lhl\J.nn, L 
11, snn\l 11 1:i the rl, 1 hi.:111" 

d, II 1ht lllm '" or,1-iuc- rnu1 1r.J1t,p;ar\.·nt, lhc lhcrm.al ,:1«1111 1• ,t:11nn hl:l11v. In ,mJc-r h' 1tnJ •I 11 ,., 
n~,"'"o..if~' 1i:, \\'ntc 1wo C"nc-r,:~ h.tljncc, ,me arounJ 1h-c T nC'ldl.' anJ fhl.' ,c-'°"und ,1hm11 lhi! T mKk 

Q • 

q.,•­
• 

• 
R• R"1 Cl, ♦ 

T, 

t1o•IIIIIHh.•J 



rROUI l \I J A tt ·onL 

I :l j • 
J 
I •• 
l - ------·- " • .. --....... _ ----· 

C'OMMl-"'IS: J • When 1hr fdm h trantp.l.lcnt. the r.ufoun nu,. u . .i.tt,orl1ct.l on 1hc bC1hd The nu,. 
rtqu1:t"dJccrc.uc, 'A>llh1nttc.umu l1lm1h1\:L.ne!I\ Ph\/ltc.t.11,- ha\\ dO}OUeJ1:pl3Jnth1o;" ~·h~ 111h~ 
rl'l.111 •Lbh1r not llnc-1.r} 

, :1 \\ ht>n 1hc Hlin J\ op...quc, lhc rwhan1 nu, h .tbMlrbtd on the ,urtw.:c . .in.J !he nu-. rc:qum.-d mcrc.hc-:1 

v.1lJ1 m .. 1\!.1.-.mg 1h1d.nc,\ t'I lhc l1fm Ph~·,1~;111), h.:,v. d11 ~·uu C\pl.un 1h1• Wh) h the tcl.a1mn..,t11r 
lmt"u• 

, l I TJ,i: IHT llu:.mul lte\1,1.1nc;e Network Modd ~111, u~ed ro ere.ate ii modeJ at 1he (llm➔ll~Mr.il,: ')'ill"m 
""~ t?•·~r.1.1.e the abtwe ploc The Wnrl,.,p:k;c is )ho'l4n ht-11\'14 

II fl'l.,,,.l ~i•tan-c• *•wot-
~ .... 

..,..t.er-oto. 

'1 .. ln!et •l"IP no\J• l.:Jlj. 'tl'ltOl.ql iht,·t11III ,_Hla'lt"& fl4 
G21 •f~;' t11 R21 
QU•"l•T2l1FD2 
141s. r.i TlHR-41 

'-ioali· •T'Ml"lT• tsunceii 
-J'•t:121•0 
,a ~· •Q.\l• 
CJ Q32o,~3•0 
~ qJ~..-l) 

.. 

• 4-c;ti,ea ~•r.at,1.i h~ Cl~~ in. qi $1 , ,11,g ~1 111nicn ar• ''"'"!'.'"'1\C. tj)t Q • o ,o, •~tield•o l'IOC•i OC>IID 
•I illrt'I~ rtt•1e • l'I:> *·ll•INII IOIJKt ;Ill h~l ' 
T 1 • -r-.-11 1, Al'!b..,I.., l~t'111,q C 

111 • HNI lll!t". W 1,I~ loJe 
':""2 • Ta 'I F°"llnl 1..rlaot l1WnPfra!1.1t11 C 
OZ•4' il~-lnl'lll.1 Wvr,-~ I■'OIOl'paMIA) 
~). Tp Bonc,~oe,•1.1r•.C 
~3 • QQ Alld,-1111 ai11,.11 w,"""l. l>ltl 1• 1 
T• ac ~,1,1t Su0!11!'11l•""""Ollfatur• C 
'QA • ..... , r •~• VJ IW"llfil!• l•d• 

W"ttlenn111 ftnl11•ncu 
A1•,.., cr1•.,;• 
Rl:2 • LI •' • At! 
A,tJ • U 1.,, • .1111 

.t 011'1..- Afl•gn•o V tf11blH 

,, Col•~«1JO<ft t""117U II,, w 
Ceft!1,,11:t,(Jl'I tM,i\l•r>a•, 1•,,NI f1m 

/J C,anai,C!,on ras.ta~• K.'W ll.llllllra1• 

T ·+! • :- It ,.l"IIOllltll ._ I le"'l)ltalurt. C 

" • .so , eon~■cflel'I co--•t..:,.l'lr w,rn•1 ~ 
U • 0 ClfX::'\ Tti,Cll",_H,_ l"I' ,_.,. 

~. o ~ Tn•.,,....11" CQIICl~'oftt "•"'.., ,.,,., 
T,o • &o Cu• lt-lf"IPl'!OUi.,<• C 
LS • Q.001 TM~nttu en, lll.lt'l1fllti 

..... 0 05 f~l"l-1 C'Ot'llhlCllv+.· '•''"" ... 111bo11~1• 
.,. IVCI • JO Sub&ltalt 1,ii,1P1,ahJUl C 
o\l • , Cton MQotln; l·U n•"'2 11nl' ,, • ., 



PROBLE~1 3.5 

K..~O\\"N: ~1aximum alluwa.h,1• tc-mpNahHt• ttntl ope-rating cooditioo1 of A rode.et 
ooulc "all. 

FIND: PrcfurPd m:llt1ri1.I: Cu or 30-1 Stainless. 

SCIIEMATJC, 
I• •I L 

Ts., ,.,,__,...,....,.._.. T. 8 K 
1 

, .....-,-( opper • ., " 1.3 
Tw•.3023K , ' s,,.,,,/ess: 7;_ 1 ~125:JK.. 
h•2.xJO•W/m• K. : : 

iii 1 1 T T., 7,. 
j t 9" ~--• ~~ 

q ;.,-.-,- : : swd, 9" 1/h L/k ., i.;-._--,rfs 1 = 4 Z3K. 
• 

ASSUMPTIONS: (1) One-dimcnsion•I condutLlon Lhrouah • plane wall, (2) Strady­
st.atc mdilion.s, 13.l Con5L.L-Dl propt-rth .. '-5. 

PROPERTIES: Tahl, ,1.1, Cu (T = (423+~13),r2 = 618K): r = ,033 kg/m'. k ~ 
37'< \\ m·K; St.St. (30·11 IT = 123+1:?!>J /2 = 83RK): p - 700() •c/m', k - 13.2 
W,m·K. 

ANAL YSJS: Tiu• dtcision <"onceruiug which rnnluial to us.: rn:1y hr madt by fiHt 
t"Dmpulin1t lhe thi~knCS5 I .. rcquirrd to in1urc LhAt T,. 1 nmah1!! ~ ltbln thr acctptablr 
limit. Tht> !igbtn waU (rorrt!lponding lo tho smallf'r ~:1Jue of L0 1l) would Lheo bt· lht 

• • 
qbv1ou1 choice .. Appl)•in,t an f'Ut>r~r balaoct· Lo Lbe ioaer wurfaee. q,;i,o• • Qca.ad" JIN1cr, 

T 1 -T. 
b(T., - T, I) - k ,. L •• 

le T, I - T,: 
L--=-~~ 

b T., -T,.1 

For tht! topper: 

L _ 376 \\' /m· K 

:hd04 \\'fu~'·K 

1~13--12311, _ ., 31 
- ... · mm 

(:l02J-,l3)K 

1 I, - t•VJa kg/m' , 0.00134 m) = 20, kg/m' 

For tb~ 1-io1t1ltu 1tttl· 

L • :?3. :! \\ /ud, 
2< 10' \1'/m, I{ 

1253-l23)K Do 
{:m23- I :!Z.3JK • • ·I mm 

1 L • 17000 kg/m' >< 0.000511 m) • -1.3 kg/m: . 

CO.\n..tE~TS: 'fbt' abO\.'l' C'ansidu:itions i~nort' 1ttcngLh f!•quir,·trwhls. y, hieh 
deter mint• l ht n inimurn v.a:J thicknen tll'l•dt•d to su~L:i.:n th" nuulr lo:.ds. ~uch 
re:quirr·menu wo·Jld ;la,·l' to lu- conside:f'd to cornpl!!U'! Llil" design c:ilcuhitions. 



l'ROl!U \I .,_., 

rl'wl): ., ( ,,n t,uun coe111i.:1cnt lt1r v. Jlcr 0,1\4 T -= 17"C, .inJ c-rr•-'t J.(.11.0\: .11cJ v. 11!1 M<!~h.•\ 1 inf: 

• 1nl.tlLI ,111 111 1hc 1n,uluu,m lb ('\,n\·e~ 1u,n ~fhcicm Im ,ut lln" 1 T = 1.!~· ( 1 ,tnJ ~nor J•"1\. w1,J 
~ 11h t,o=i;:li:i:Hn~ cunJuc111 ,n 110J nt,J1at1lln, IL J 1:lle~ I CII ,(ln\c:i.:llt '" i.~111.:ll"lll ''" error ,l\.,l.11;.I.U(d \\ Uh. 
nct!I ;11n~ct•11Ju .. u1,111nr I • 2",C 

, c lll \t.\TII : 

(~:r) __ _ 
h -.;_.- 25 °c 

-.- ------------
""T'I"'- --------

q cond 

l Fo11 cPOioc.-= 2000 w,m2) l 
T 1 : 21 °c rWaten 
is;: 126 °c tAin 

Surroumhngs 
L • 10 mtT! • lntutauon Tsu,.: 25 °c 

(k : o 040 w,m Kt 

<---Tb• 2~ac 

\ !,'l ,1Pno , ~: l • S1~J.d~•\l!dC ~It )nc:--d1tnl:!n .. 111n..il i.:on JW.:tll.)0. CJ C.:in~li.lnl ~ 

\'- \I ) 'ilS: u Thi -:-k.:mi.: pO\\l"f du .. ,rp.11.on ,, h.tl.1n~eJ h\' ~Ofl\'t'Ct1nn lu the W.J.lef .lflJ l.:\10Ju.;Jh•11 

•lmn11 I• 1M m ulolt1t'ln An i.:o~,g:i t'ialam:c .1rplltd tn 1.1 i.:1m1tul ,urf.i.c.:c .1t,,,u1 lhl.' rml 1h"·rl'hHL' \11."IJ, 

, ... - -t. • ~t--... .I; 111 T, T - HT -T,J/L 
lkm.c, 

r- •lf-1.JL :oou \I m 0.UJ \\ 111 Kl~K),OOlm 
h 

T r ., " 
" 

If .. Q-11,lu .. 1w11 , "~!,!IL'" tt'~J, i.t \· .1IU(' u1 h = 1111111 \\ • m l-;. b I f°'llllt1t'd "' uh .1n 111t•nd.m1 trr,ir .H i l(lflo 
1'9(, I/ 1i:ll• e o .. ur 

,~, 111 m nt'r_g) m.1~ ,1ht1 '1-t- 1r.m,h:rr•1J tr~rn 1h~ r.:1I \UrliJol.:t' tn r.ufomor1. :uiJ th~ cm:r!!,. h.111111.:~ 
\lelJ., 

hi I 

t(>!T' -·1~ j-L1T 

T T 

r. 111 

T I L 

;0011\\ m -Ol~•'t.J7 •1H,.\\ 111 K 1 j)4~1 .:•1lf"lJ.; 1 OIJ-4\\ r,1 l-.11(111)\11lHHn1 

l(ij11( 

:1101-IJt, -ff!Ul\\·m 

IIMJ ~ 

< 

< 



l'ROlll.l \I J.I, rl 11111.1 

II conducuon, ud111uon. ur t.:.1.1nJu,uon .,nd rad1iluon o.1u nt!plc.:tcJ the conc)ponJ,n~ \·i.1.Jut'.'> 111 h .1.nJ the 
pc:rc,ntJ!,!C crrt1r<\ JR' IS !i \Vtm· K 111 tVY> J(i Wlm; K r!O.;\'i 1, .1.nd ~O \\'/m K tJ":' Q~ i 

l~' rur J fl)(.Cd \J.lue oi T, = ~7°C'. the condut:UOO I""' rcmJIR'- Ill t:1:~ -: s \\'1m· "hu.;h , ... d-.,1 1hc- l°l\t•J 

J,f(ereni:c between P:::r.: ,md q71'M -\hhough 1h1, d1htr~n1.I! , ... fhll di:Jrl\· ,lrn\l.n m th1..· r1ol 11,, lfl ~ h .... 
1000 \\'/m· K. 111, rcve,1lc:J 1n 1hc: ,ubrlo, for In$ IOl'l \\"1m: K 

J,:·JQ,,") "" ., 

" '""" f 
,., / _,,, 

) 
f 

' '"" • 
' • ; 

_.,Jol 

• •oo 
I 
,! - T 

I - ... 
~•CDllffiOtlf"'I IP!,'N ..... J~i 

_,.._ 
.. N,:, ~ 

! 
I • 
& • • • • • 
i 
< 

:7 
'"' - ,7 

,/ 
"' / 

. 

' ., ,; 

.v ' 

• ,. •• "' "' 

Errou ,b\0( 1111ed w 11h ncglccung l'.ttnducuon dt:t:rea~c. wnh 1n1:.re.t-,1n1; h from vuluc:) wh11.•h au 
, 1grufo:un1 fnr ,m..ill h th< 100 \V/m· KJ u, \"UJu~, wh1,h 1Ji:t ncglip1hlc for l.tr~c h 

'"' 

CO~l~lENTS: In llqutd.s I lurge h>. 11 1s an ext:cl1c;n1 ,1ppru,1.1rm,111on 10 nep-k~l condu.cuon und J'.!111,un·1~ 
lh,u 311 of lht d1~)1p:ued ro\lr,·Cr 1:11: tmnsierrcd 10 lh( nu1d 



PROllLE\13.7 

K.."t0\\1'; \ Ja~'tr of f111ty U.sJiUc wuh taxed 1n~1d~ Lempt'rarurc LJ.n c,pc:ni:ncc dltl~~n1 n111'.\14k 
convccoon cond.Juon'li 

FIND: faJ Rauo of hc:u lo~, (or dlffcn:n1 ..:nn\'1.:cuon condll.ion,. rhl Outc.i ,urt1u:c temJ)<'r-.ttwt' 
for d1ffc.ren1 l:.Onvecdttn cnndmnn-. . .md ft..• i T cmper.uure ril ,1111 tur y, h1ch ,11;h1c\'c~ "1111ll" 
coohn~ .a, mnqn~ O.Jt c,wnd chW d'fec1 t 

SCHEMATIC: 

~ L•Q00.3m--l 
t I T. 
I t $ t 
I I 
I I r .. tty t1s5ue--~ ~· ,~9~-➔► 

1,.,_,,;i,:c_::Md::::,al con, 
fif 

Ta.=-ls•c 
1,.zsWlm•· ·c, or 
fo : 65 W/m• •c 

'\SSL \ll'TIO'iS: 1 I I Onc-d,mcnsionJI comJu,uon lhmuph • plane ""ll. , ~ S1catl~ 1.11, 

condu1on~. 0) I (omogenenus. medJUrn wuh cunsmn1 prop~mcs. ,-, 1 l\'o lnLcmaJ heat l!(n~rJthin 
cmct•boh, effects ,re nc~Lwblcl, c5l .'-cghg1blc nidtntlon cifcc" 

PROPERTlES: TahltA •J , T,.,uc. !'at lu)·ct ~:IJ.2 W/rn K 

ANAL Y~lS: The che:rmal c1n·u11 for 1h1~ (IIU3lion J\ 

Hcncc.1hc heal r,1tc al 

T,, -T. T,1 -T_ 
<I = .c: 

R,., l.lkA + In,,\ 

4. 

t\pplytO£ face energy bat.in~,: in 1hc ouier ,urfocc u al!io tolloY•\ 1ha1 

Conuout"d ... 



PROBLEM 3.7 (Cont. I 

Hence. 

k L <T, t - T,.z >: h rr,.= - T _ > 

Ts..l = 

I. 
T_ + iii:" T,.t 

I. 1+-
1\L 

To dctc:nnme the wind chill effect, we must dc1cnmnc the heru los, for the wmd,· da,· and u,-e 11 
10 cvnlu3tc the hypothcucal ambient = temperature. T'.... which would pm,·1d~ thi same heat 
loss on a calm dny Hence. 

f'mm these rclanons. we can now llnd the result, <ought· 

'tt) 

(bl 

(C) 

q~ o~~;:K + (15W;m1 K 0.015+0.0154 

q'"-Ulth 
0.003 m 

o.~ W/m K 

0015--0.0,l 

• 
<1_::a1m = U.S5~ 

qwmct,,· 

- I 5°C ,. 0•2, W /m· K 36°C 

) 
!25 W/m· KH0.003 ml T,.: ··•- = -----....c.,;_;_,;__;_c..:...c..:..;,;__;_.:..... __ = ~~.1•c 

_.. I ... o.~ W/m K 
125 W/m• K) CU.003 1111 

-15'C + O 1,\V/m·K 36°C 
' t65 W/m· K tt0.003ml T, • ~ ___ ....:.;;;;._....:.;;;;_;.;.;.==='---- = l0.8°C 

• )wu,d, I 0.2 W/m K 
+ , 

165 W/m· K) !0.CJ0.1m1 

T_ = 36'C-t36+15l'C i0.00}/0.'.!+ l/2Sl =-56.3'C 
(0 003/0 1 + 1/651 

<l 

<l 

<l 

<l 

C0\1~1El\1S; The wand chill effect t> cqut,alcnt 10 a uccrca,c ofT,.1 by I I.Y'C and 1n,Tca-, 
m the heat los, t,, a foctorofl0.5S3>"t = I.SI. 



PROBLE~I 3,8 

5'.."o"·,: Suri1.1cc-mount cnnu~1nr "'-llh rrc-'-tnhed ptt"'t'r 01-.,1pJt1L111 anJ con,,t\.1100 1.:uol!uc 
condmon!l, 

FNU: l"\1n~ thcnna.J rcusum:t' cm:u1t. an c,rm:,i1on tor the: .:a~ tcmr,er.uurc T'". c.-\ .1lu~11l· IN 
~ll~n:uu illf and condutU\·c p.urc- tilJcd gar 

PROP~RTIFS: 1Gi,en1 -\,r, , 1., = 0021,~ W/m·K; 1'3,tt ~,.r a 0.1~ W/m K. \lct.,l kads. 
k. - 25 \V/m·K 

!>'P 
~h~rc the ahc:nnal rc~1st.ru1cci .lR:. with .A1 =. L,AL: and . .\, : ,.1,1,. 

R1 • ..,. I !h,\, "" l/ffl W,m! ~I~ •JW; 1411 •m' • h!S.O Iv\\' 

R- .. I f.111..A...-\. ) = fl1(0 l"l'IJ m/'...S W Im Kn •-0 '15 • 10--m,' • "'I J ~ ftv'V, 

R,•1'-• • IA.1_, A. • O l • ICC 111/IJ/J~J \\Om M~•J .. 1rr•1m1 a ~J7.6 Kl\\ 

R,.,., • lll..,A. c Of' (1: m/o I! "-·tm Kdu.;,-. U,...,rn:: - 'i~ I K,M,' 

from the chcmu.1 cm:uu .and 1hr thcnna.J n:1it\utnce cxpn:won.\, rind 

£.,..aq •r.t1-=lT, T ... )l~•IT Ti.,,fMt,_, PR,.._., 

' R.., /1 R_ T • E,.R.,0 + T .. • T" --''-'-,~-- -l I • :-;-:,-----:-:::--;c T I 
11,1<-,.. • ..- IIR.,,. r (l,R .. ,.ia • ll'R,""S 

Subr.111u1.rng ,.&Jun tor 1hc ~Ul~nant Glf•RcJfl ,ondm('ln, nnd 

I ~fl\, ,n-' w,.tt:?5 '1 KJ\\ • :n C. !~C.C- '115•0 -
. llf.!ll.l- 1/217t,H 

T, • ------- L 
I ,.. tt~Hl 

I lf.!ll.l • •• ~, nr 

,. .:1 n r· <J 

<J 



PROBLEM 3.9 

K.,OWN: Length. ,wtocc lhcnnal condrnon,. Jnd rhcmul condu,11,11, 111 u plarc PIJI< 
m1dpo1n1 1cmpera1urc. 

FNO: Surface convecuon coefhc1cn1. 

SCHEMATIC: 

\ SSL"\1PTJO"-S: c I J One-dirnen,ional. ,ready conducuon "ilh no gcncr:11100, c:!I CnnstJOI 
pmpcmes 

4NAL \'S IS: For prcscnbed conduion,. q'" i\ con)1an1 I fence. 

Tr -T, l~_•C 
" = • = ~~~~-cc--,- = J 5(XI W /m1 

q wnJ I Lr.! )/1.. 0 5 m/50 \\1/m K 

"= T,-r_ = 3o•c =1500\\'/m= 
q (L/1;1 • < 1/h) (0.0~ + 1/hirnl·K/\\' 

<I 

COI\I\IE., TS: n,e cunrnbuuon, <II conJucuun anJ convc,uon m 1hc rmal thcm1al rC\l>IJncc 
JfC 

R,, - L -1)0' ~ ,•,uc> 1conJ--- ... m rvH • k 

R';.,..,d = f = 0.033 m~ Kl\\'. 



PROBU:\I J.111 

f\1\0\\ "\ ·1micn11on\ "'t .a rhcnn,,J1J111." "ui.tn,, l~Llom .mJ .,mt-111."nl JJJ (t>11d1l1un., 

n,u: .11 He.ii 1i-,.,, 1hrr•ur!h "'111Jl'"' 1 l,1 E11~1 N ,.m.1111,n m l•Ut,.,Jc ._1,11\·c,:.11i•n t.lltU1,1.·n1 11,1 .J,,ohl,. 
.1.r:1J 1rl1 p.mr 11'>1rn.;u,m 

"'\l' ll.E\I \ TIC UoubJr Pant:t: 

:c ~-~i,:· EHJ 
T wl 

..L 
h,A 

W1noow 08mx05n, 

. ' . 
T 0 :.10°C 
h-;:· • 80 Wlm2•1< 

L, 0007m 

-q 

ltHCW~RflES: fohl,--t._t.Ul . .uti1iflOt-.1 l =IJ\\',mh. 7111•,',,l.J AtrH=: .. S:1\.1 ~-: 111~..;l 
\\,111 f,., 

• 
r .. , - l~ .. 

I f L I. L \ ·-- • 
,\ I h • • l, h I 

.:.,fr 1-111 C'1 
'I 

l w,, 
110,r:m UUOi'm •) 1.11r m 

-----n -1111 "' " IJ\\' Ill I( 1JO~ IH\' 1'11 " I a I\ 
"' " 1,.1 I\\ '11 " 10' C' lJI" f 

- ,:,, J \\ ➔ : 
W1~ 1111(~C-tJ '"'I;;; .. tluJ~~ .. 11 u,1 !_< 11' I\ I U!l 1-. \\ < 

h f th(' tnrl'-" p.i.n~ \\ 1t1Juy, the ..JJ11l:111.al r,.i.hc- .mJ .au,r:a .. c '"'n:J,i: the luWI re 1,1.m,.·c Ho'lu I 11. I 
N\\ 11> l .,J•t ... _;"' lllc:n-h, rcJu.::1n~ the hi:,1' I,!\, tr0111 ~•J -l t, 1- l W Tltt> tlle"~i -.11 J1 ~,n 1r,c lu~.i.J l~•n 
t, r1~111:J .1:o lcillo"', 

" 
,, 
I/ < • .. 

I • ! 
,, 

ri,-•~ • • • V 

" .. u .. u .. 
0..... ---~ «c ... ..., ... 



PRORI.I \I J. lfl 1( 11nt.1 

1"h.1ll\.!O 1h h 1nrlu1;n..:l' th~ ta,Jt IL1,, JI ,nmll \.1lu~, 1•1 h it,r \,h11:h 1h1,,• 1.•Uhok '-·,,01,a.1n111 rl• .. ,.,i.mci.• 1, 

1h11 lll."L'lh11hl,· rcl.1lf\l! h.1 lhl" t111i.1J r.:w,L.1nu.; Jhmt\·t't th~· rl':,1 .. 1.in .. eo ~~c,~~ f1l'!1lt5?1hlt:' \\llh ;11 .. rc.a,111t• 

h. rJrll,ulart, l•·r th~ mrlt! r~m..- "'"J1•\\ .1nl1.;h.mgc~ 111 la liJ\~ ltttk ~1h.-i..:I c1n the h~.11 k .. -. 

t ·o.\l\ll'\ IS: Th1.: lur~-=~• (ontnhutt1.111 ,,~ th~ 1hcm1al rl"~I ,1,m.:e , .. Jue r, t.:l•hl.lUi.:ll<•n J-.,11._111!1 lhi.' 

~n .. l, td ur .'\I.ill" thJ.1 1h1:- Jlr ,.:;,ulJ h< 1n Oh)lh 1111ful!' 11 lfi!'~ 1:,111\'l!dll,n -:uucuh, If tht.· ... t,mo•,rL11'hJm:= 

.. ,,ir•.·c,l!iln" ·~·11; .. 1~01 c,..:~l".il!J 1 -( \\'mr ~ thr thi:tn1JI (\"\l'-l,m,.:: \\OUIJ t'il: Ii!!<>"' th.in th.II r1~•.h.:ll"J t"I\ 

,1uum101 -...'nJui..11cn .i.:tl.•~' 11tJ_i!n.1n1 .11t 



PROllLE\1 J.11 

KNO\\'N: Willi ('()nurucnon tor p.1.S!,IH~ sol.tr collec1or. Set i.idiauon Huit 10 nnc ,,.1.rh11.:e 
Amb1cn1 tcmpcrnturcs and com,ccuon t('IC:ffidcnt.s for opposuc surilK'.cs. ~1eh1ng roin1, 1i~1u1eJ 
convccunn coeffic1cn1. illld solid lhcnn.U conducm·tt)· of pha.sc chance m:ucnll 

FlNP: \.1ch ~pon thidnc,s and sun11ec temperatures.. 

SCIIE\IA TIC: 

\SSlJ!\(P'TJO!liJS: ( I> Onc-d1mcn~1on.tl. 1tcady-,1111e heat tr.Uhler rhrouin the \4.i1U. 1:.1 

Vcnic.J '-Clhd- liquid 1mc.n.1ec: 1n thc PC\1. l 3) Nc~hgiblc conducHon re~a,t.1ni:c- m the 
,uppomnt;, ,1urfiu,:c,., f,tJ ConM.1111 k, 

r • .;':., _._ h, T.1 • h.., T. • ( lr.QJ • :?o,CO • ,lOOO)W'lffl: • "' \'C 
' 1h • !\.ii • 20 • IU!Whn..,--K 

lien«. from 

.nd 

\ho. 

L, (1U"C/JB\\:m:, lll1m1 tVW •UOl7Mm 
l 

L..=L-L.=0062:m 

T--T 

<I 

<I 

<I 

COM\1E\rS: 01 ~ntc 1hc lov. cncr!!) 1;c,Uccuon dric1cnq u1•q'iA(;a:1=01:t.l1 The 
dtic1cnC\ ma~ he in1.71!il!icd b~· JncreJ..,1ng hm u.nd/or dt1.n.:hin~ T rn 

t2> The g;c1ual Johd-lit.1urd rnicn::u:c \'-lll nn1 bi( vcruc.11. bu1 \\OUlcJ illtll c.iu•.n1wJ.rtl to 1hc !ell 



PROBLEl\-1 3.12 

KNO\\'I'•,; Mrucnlll th1ck.nesses an a compos11e wllll con,i,lini or bnck. gloss fit>cr, •emuculltc 
nnd pane pt111cl IMcr 3nd ouaer convccoon coefficicntS 

FIND: Total lhcrmal rCSJStancc and uveraU heat ll1lnsfcr cocffic1cn1. 

SCIIEl\,lATIC: 

Br,ck 
Glass fiber (Z.Bk9/m3) 

Gypsum, kgy 
,-;...,..~1'11"1 

Pine penel, kp 

1 
h; 

ASSUJl,IPTIONS: (I l One-dimensional conducuon, (~) Con>1nJ11 propcnits, l ~l l\eghiiblc 
con1nc-1 TCSUCQllCC 

PROPERTIES: Table A-3, T = 300K Brick. kb= I ~ W/m K: GlJt.~• tibt,r 12& J.gim11. 
k11 = tl.031\ W/m K: Gypsum, k1> = ll.17 V.'/m K. Pane panel. J.p = 0.12 W/m·K 

.\.NAL YSIS: Constdcnni a unJ1 surface :ire.i. !he 10ml 1hennn.J rcs1&tMce h 

I Lh L1t L~v Li, I 
R .. ,=-+-+-""---+­

h., kh k11 k,y kp h, 

• = [-'- + .!!:!_.., 0.1 .., 0.01 .._ 0.006 + ...!.,_] m
1 

K 
Run 70 1.3 0.038 0.17 0.12 10 W 

- , R101 = I0.01-11 + fUl71\9.., z.6316 + 0.0588 + 0 05fl0 + 0.1) m··K/\V 

- . R,,,. =2.93 m··KJW . 

fmm Eq. ~-18 the o•trdU htm tramicr coeffickna is 

l! =O.J-11 W/m1·>,. , 

<] 

<] 

t:O \IM ENTS: A, amic1pa1cd. ahc domanum contnbuuon to ahc 101ul rcsistnnet ,., mur.k hy aht 
1osuJa11on 



PRORLF.!\1 J.13 

"'1'/0\YN: Tiuc,nc~es 01 thn:c m.,u:nah v.hoch lllnn • cnmp<'<Uc 1<,tll and 1hcrmJ, 
,:onducuv1Lic~ of two of the. m;ucnah Inner and ou1cr ,urfocc tcmp<"rJlu.rr!- ◄-•I the compm,Hc, 
1ho. crmperaru.re and con\Jtcuon rneH1C1cn1 a,,tic1a1cd u. 1th ~d.101nin1 gas. 

SCIIE~1AT IC: 

T., =6oo·c • 

,;,,,aoo·c 
h,25W{mi-K 

L., ~0.3m 
L,, = L, ~ OJSm 
k_. .z.oW/m•K 
k,Lsow/m·K 

\SSmrPTtO"IS: rt) S1eady-,i;i1c condiuon,. (?I Onc-dlmen<ional cnndu,unn. f3l Consuun 
propcmc, f41 '1c~bj!oblc con1a,1 "'"'tancc. (51 Ncgbg,blc rndmuon dlecis. 

\NAL \'SIS: Referring 10 1hc 1hcnnill cm:uu. 1hc hc,u llu, may he •~prcS\ed :i, 

T,., -T,_., 1600-JOl"C 
fl3m O.ISm 015m 

~,-- ~ -=-,,.,-.,-
kn 50 W/m h. 

4 = 580 \V/m~ 
1101~+0 15/kn 

The hca1 llu, may be obwncd from 

• • q ~ 51X~l \V/m· 

Suh,111u11ni; for the heat tlu11rom Eq 11) in10 F.<j, 11 J. hnd 

O.(S = S~O -ll.018= 5811 -0.01~=0098 
la q :;ooo 

<I 

CO.\I\IE:\TS: Rad1011on cff<c1< .ire hi.di 10 ha,c, \l~noriconi tnlluence "" tho ncl he•• ttu, 
:u the innc-r ~urface flf the O\'C.n 



H NU: H.:..ahl 

',l"III \I \TI C: 

L.p L, L•v 

l'HOIILL \I J. IJ 

fc-,.,, 

~ I- 5'I """ -I ~ 10 """ 

lea••••• I 
lg 

F,\fl~ ~ Ll ~ 

l-o "'• ·o 
3 mm -1---i-'5 mm +·~ 

u,ettian• 
to.am di 

© 
WOoa,\. .... 

1'1 : 5 Wtrn2. K 
r., •10CIC 

Glau11;p G•u• 1g1 

' 110 = , swrm .. -K 
r .. 

0 
•• ,sec 

• • 

Ci1a.u (iii+ 

1-'KUl'l RTIL'· , I :i JOO I\ f.;bJ,, \ f rJ;htL"r l'>\l~HI. I. -= o 1., \\ 'm 1' ilf t'ID.&nc ~. - 11 UZt, \\ Iii I'\ 
"" ~ J ~ , ... \\ ·rn K a:iau. L.1 • I ~ \\ 1m ~ f.lf,J,· \.: .,,, ~.: ll u:ti.\ \\ 1m "'-

\, \ L, !,~ : 1 J Th~ he.ii Im~ ttu\ I'<' l•h1.11n\'J hir J1\ Id int 1hc- ••,~r.tll tcmrculurr \J1lli:rcn .. ~ 1,\ thi 
•t; h m-.il ri , , .. ,.m .. c- f-Ortnc comr,,~11.: wull cil umt ,,u1J.:c m.•., . .\-;: I m· 

T. T. 

[,1h1 (L,l,,f•<L lj-11.. I l•tihlj\ 

10 C.: I 1, C/ 
1 •1,·,-,.-,-.-,-,,-,-,,-,-.-,-,-,~-.•HlSl .. 1JtJt,f111,· K wJ Im 

"r 
q- ! BK\\ : 1~1·1\\ 

•t· I w 1h1 un~1- r:1ne 11( i;11,~ 

T -T 

'I 

,;·, -h-,-,L. I. ~ I I h •I \ 

~,·c 

•~ 1 b1r 1t,-t J·1ut,1i: p.tnt' \' 1ml11\l, 

r. - r. 
·[,-,-h---=-11-.-,., I I l., l I· 11 h 1] ,\ 

:J.41i T 
IH_IIJ◄ ..,lll•lU-!'!lh~~ \\'rim· 

1'0 "' 

if, J \\ 

< 

< 

< 
l '0\1\H-' 1,; "'he,;, mpMUt W..JJl 111, h:.arl:, ~ur-.·1101 uorn 1hc ,.1.1nJp-,1n1 I 1~u1. 111!" M..Jr 1~--,,1 ,inJ th!" 
J,,,n,111,, "mnt,u11an tu 11411'1,II therm.al re,h1,1n .. C' 111'.~'".>1 li..Jn1."-IJll!'d ,1.·nh lh~ h,.an m,ul,1,l11 1 f '"1"0 

••Iii 1J1 Iii' 1 ,n • n~tru~ur111. heal hh!t 1hrc,111:;h tl1i• • ln,tP" 1~ f\Jl!mltt:.i.nlh ~~i•t lh,Ut 1h.,111nr ·hr 
.. cmpoi.1h, " .. ill 



PROBLE\I 3.1.5 

K.,"'0\VN: Cornpo,1cc wall of a hOUloC w1th pre~bcd co"vecno,, {'rtX:t'.,iCl ilt mncr 1111d nu1cr 
,urt'ilcc, 

FL\ u~ 1 ill Expre-s.s1on for thcrm.;al rc~1s1.mcc of houc\e. wall~. R.._,1: lb\ Tom.J hcou lo,,. 1.11 \\" ,. 1c 1 
Effi~ct M he.at Joss due 10 HK'l'l:A\C In out~1dc hc-.1t transfer con'-·c..:unn ntt:ftkJ!!nt, hJJ . .and 1d, 
Cont.n,llinp rc:.s1sta.ncc tor htat l(h\ I rum house 

SCHEMATIC: 

A 350m• 
A,,30W/m• K 
r; ,io·c t t t 

F.ber9l8S$ blankc t (2.BJ..gim~), k1, 

r-,.--,e,-"f~ .......-- --Plywood 51d,n9, ks 

t t tlio• 60W/m--K, T., -15°C 
Lp•lOmm I• ,l,Li,,JOO..,~• 1 

\SSL:MPTt o , s: t 1 \ Onc-d.lmcn.-.1on2J tc:1nducunn. 12l Su:ady~'.'-liifC ,.-,mdH101v •• r '\ 1',:c~httblc 

PROPERTIES: Tublc A J, 11' • 1T, • T0 l/l = 1lO-IS1"C-:! : :.S'C = •110K1· !'1bcrit•» 
blankc1. l8 kg1m· k, ~ 0.0,8 W/m· K: Plywood <idmg. k, • 0 11 \\'/m K: Plo\lorbn.1rd •r = 
0.17 W/mK 

A 'IAL \'SIS: 1.11 The c,pna.!imn for the 101.al thermal rc~t\1.Uwc ot the hnu~ wjtl, tollo~·.s 
from E4 i 18 

II,. • _I • _Ii • ~ . ~ __ I __ 
h, A L, A "-" I., A h,,A 

lbJ The toulJ heat IO!<,.S ctuouµh the hou,c v.alh; i,. 

.. •~TIR..,•IT1 r.li"R, .• 

Sub~tuuung numcncal value-), hnd 

0.02m I ----~- . 
(U'!Wlm 1"11350m 6'.1\\-tm' K~1~r,m' 

ll.., I~ ~! •l6 It •i~ --11 h ....: 76 t'l"lffhCI'\,\ .. ,JI le w➔~r!\\ 

The hc.u loss 1, 1hr:n. 

<J 

q •r.t' i-15_11•otn1-.1w1 c-i.v. J.11 ~w <) 

ti:) lf ho tU;ln~e, from tiO tu JOO \\Jim: K. then R..,-= 1/lt.,-\ cha.n&;c."~ rn.1m .. t /6, 111 ' Cf\\ 1,1 

0.9.S•Hr~-CJ\',' Thi, ttduccs R,m 11, li2tl"'H1_.,.Ci\\' \l,.·hu,:h i\ -0.S'r tli!(tto-.r m R1o11 or 
= O 5'i- mcrc3~ in q 

tdJ Frnm 1hc R1t1, nulTlC'n~aJ c'C.plb)tOn ln p.in ,b1, ni-,1c 1ha1 the an:tuldllun rc!>l\t.J.nc:c. Li,/l.1-.:\. 1,; 
752/830 !!': 9ni;;. of the l.0141 ru,i.-.r.inc~ Ht:ni:t, thi\ tt1J1cnal layer comml\ the ru1~11;1nn· of thr 
wall. From pan 11.:i note rh.11 .1 ~-fold Ucc:.rt'.L\C 1n tC\1\l.ut("c due tu wmd vclL-1'.'UY 1nt.1c-J..,c h.i, .1 

ncgl11,?1hh: c:.ffc,.,, on the hcJt Im,. 



PRORLE~1 3.16 

KNO\\'N: Composu~ wall of A house with prcscnbcd con\.ec.:Uon ptl).;c~.., at rnni:r .uu.l 11Ull'f 

1wfacc1. 

FIND: Daily heat tou for prescnbed dtum:tJ vanaoon in amb1cn1 .ur lcmpcr:1turt: 

ASSUMPTIONS: (I) Onc-d1rncnsional. stcady-,...tc conduc11on (ncth£1hlc change 1n s.all 
1.hcnnn.l energy uorngc over 2-ih pc.nodl, 12) l\egli,ibJc conU'lct rc!'.utance 

PROPERTIES: Tobt, A·J T = JOOK F1bcrgl•"· blanket tlS k!!lm1 . •• ~ o .n,, Wim .:. 
Ply"-ood. i., = 0 12 W/m K; Pla.1crbo>rd. •e • 0 17 W/m·O: 

:aeti T T 
r - , - ... MAL \'SIS: "Inc heat loss may be •ppro,muucd Ill Q = 
6 

R~, 

R "' = _I [-I + 1 ~ ..'::!?_ "' ~ + _I) 
'Ah; kp khk,h, 

0.02m I [ I O.Olm O.lm 
R,.. • 200m: 30W/m' K OJ7WlmK 0038W/m·K O i2W/m·K 

R.., = O.OIJS-1 K/W . 

Hence: the heat r11tc lS 

Q= 16.18 kW•h = I )Ol,Hi"J 

Wh 

<l 

C0\1M"E1''TS: From k.oo,,,lcdgc nf the fuel M:"it , rhe 1nt.1I d~ll~ hc,i1Ung hill l.°tiuld h( 

,:lc1crmu,cd for c<Mlplc. •• • CO<t or 0 .1 OS/I. Wcdoth. the he;111ng bill would be S 1 ~2/dJ\ 



PROBLEM 3.17 

KNOWN: Dimcrmons ilnd mntcnah aS..\OCl!Utd \vnh a compn\11.t. w:.tU f~...Sm), o..5m. 10 ,twh 
each 2.Sm high). 

FND: Wall lhcnn:u n:sc,uncc 

SCI-IE.MA TIC: .& .. . ,,,.-, - ---- - -1: ·• 
0 !i I HBrdwood s,dmg ( A) 

:E--8,,,m = L,. 
Insulst,on 
GIBss Fiber, 
ptJper faced 
(28kg/mJ) 

(DJ 

X I 

I 
I 

I 

--

t 
_IJO,,,m•L• L0 

J -
-- -

I 

-"1 
' I 
I 
I 

' . • 

0mm 
J..lardwood (8) 

f-/:.-12.mm• L, 
Gyp•um (C) 

.\SSU,1l'TIONS: t I J S1ead•-'1••• condmon,. (2) Tcmperamn, nf <nmpo,uc depend< only on 
x hurf11ccs n('lnrull co ,.: are I\Olhtnn.tll, 0) Consu:mt propemc,:,, t·H Kc~Jg.Jblc 1-:ont.a~t 
~Sl$f,1Jh.;C 

PROl'ERllES: Titbit , \..i IT= :100K): Hanlv.ood >id1np. ,, ~Otl'l-1 \\"/rn f,; : IIJUd1Anod. 
ke = 0.16 W/m K. Gvpsum. kc= 0 17 \V/m·K. lnwl•tinn Lglu, llbcr paper faced . ~R k(1/111' }, 
ko c 00~8 W/m K 

ANAL VS IS: U1,mg the i.!othcrmill surface a.ssumpoon, Ult lhcnnaJ cu·cun :U.)QClatcd wnh a 
,,n~Je um1 Ccnclo<cd by d"'hcd bnc,i of 1hc v.llll 1> 

L. fAaA• 

The cqu1v,llcn1 rri,i.11.mtc of the cort' 1, 

R., = rllR11 - I/Rol"1 = rl/R 1:; + 1/2.14)1 I = l.75~ K,,v 

and the ,oul um1 rt._'iismnce 1~ 

R.,, 1 - R, R,q ~ R,- = 1.115J 1(/\1' 

Wi1h IO .. uch unit~ m p,.1.nt.llrl. ihc LutuJ w.1ll re"i!-t;mcc h 

<J 
C:OM)IEr-.'TS: If ,urbt·cs parlllkl 101hr heal ftov. dnecuon .ue a,,um•d a<habam· 1hc 1hcrm.tl 
l.:LKUH Md the v'1luc ol Rint will chtft':r 



l'ltllllLf.\1 J. LK 

k. '\U\\ , i. onJ111un-. .1 .... , ,,.: li.lttJ " uh m.un1.un1nl-! hc.lt~.J .111J c~1icd ,.(' 11Juwn ~ \I. ulun rl"lfl!!t't 11 {"It 

11mp1M1 Ill 

n,o: L ~'lfl..:i:nl 1.1J pL·r11.1mu11~:( CUI' J 

,CIIFM \ rlC": 
- .. =20°c., 
f'I a !JO w,,.,, ... • ~ 

' 
' -l 

Ele:::t11e • 
heaier 

( 

Case 1a, ,_, • 90 °c 

•• 

T _0 ■ 25°C 

C 

Ca-: IOI -
• -

-
• 

Pluggec 
W,n = 125 000 J 
.it-= 1Z h 

\SSL \IJYflO:"\S: Sti:.1d\ -~l..1tc- t'f!Crallm.· cc11J1111nh. , :! I \.:rph_t,'.1bl~ r;uhJtton l I C..\.1mp,mm 1,, 

,,mrkt.el· "-·~1ieJ ltom .,mb,eni :.an 

.\, \I \ \lS: l 11 ~ C.J,r t .& ft' \pt:nlnl.'nl 1,. pn'lonn~ 1, ► Ji:ta:nmnc.- the f.l\ c.-rall 1hem1.d ,c.-, ,,.t.~n-. ~· 10 h~.Jt 
r.w,-1,·r h '1'41 ,r11h.: 1ntc1 lllf ill 1hc rdtlF,c."tJIN Jnd lhc< .atnbt~nl ,UI ·\prl~ in~· tn l.'RC'fL\' t,.11,nk.L" l.> l 

,,mi ,1 un.1 Jt,.:11111~ t.:U•~t.aror II h,llc•\\I 1rcim bl I 11.t tlut .al Jn\ m,1.ant 

r, f. - (I 

~ft'n.;t 

'I" 'I~ " 
"'h~tl!'~ .. IT. T. 1/R. Jt toll\l\\-. 1lul 

R 
T T l l)fJ ~ii C 

l:._"i'(,\\ : 
q.., :nv. 

l or L.i.1.C' •~! hC'at 1r.1n.,11:1 Jr••m lhe .1mh1cnt ,IH 101111." ~ ,mr,1mm•n1 uh,.~ h,:~1 lu.1J• "h.Jl.10.:~J t-i\ hc.11 

u.m~Ji:r 11 11~ r.!rn~..-r.1n1 •q c •1•-.i' IJcn1.t" thC' thC'ntul en~,~~ u.1,n,hm~·J huin 1hc rclriJl'i::r.tWt n;r lhc 
11 h•mr rt!n11J 1"' 

iJ.,.,, 

I IJJ 

T -T 
q .. J.1;;;:;q,11.1,= ~•R • ~\' 

' 

:t,bJ>OII 

I!~ IN.ill 

t'UI\C\ll \l'\: The 1dcJI 1C.irn •II (.t;f' 1 .. 

nP 
r,. - r 

;7K~ ~ JlO 
121}ij :~~11' 

< 



1' ,u" '\. 11.1.i.l il(k'!f ,i,p,,.,.c :.1nit \(t11l·.1.I ,h..,tJn .. c f:\etv.e>t>n llo1:1n r,:,r .t hlUJ.te~ 11.at h~I ~11Wmt 

•• ,n r,rr~''"'" l..if v.:1J1h \'I bullJinr: "'hlth m1n1m1te) htJl lt1'~. tfil W1J1h .anJ 11urn~r (II lh.1tlr,, 

~hr ·h nut!-•1111:e hc.JJ los, tor a rt,e'°'nh.:J f 1'Yl•1 .. r,1 .. 't' .and J1•1.1ncc hctwttn 1looJ1 C(lni:~1"-111J111c 11('.1' 
r ,._ 11t h.:..tt I~ rt·Ju .. t,on ll'QfTI : roar" 

,c llf \1 \ 1 H': 

At• 32. 768 m2 

.q 
• 

• • • • 

1a1 

\..;Sl \JP110,,; '"lhi;1hlc h<Jl lu), 10 prnunJ 

b) 

A­• 
w2 

\'-\I, Sl1<i: 1.11 rl nm11m1.r:e 1h.:- h.:-4t lu,, l.j 1ht'c-,1en .. , t-utiJ..:t' jrt., ~. mu .. , ti( m1mm11cJ I 1,>m 
h,r , .. , 

' ,, 

JA 

,J \\ 

\\ 1!:\ H 1
1 

< 
n~ ,· mri.·1111S' 1.•ltcc:1\ ,,1 \\ \;'n thl' .ir~il.." f thl: roc,1 .. mJ .. 1Jt\l.JII\, ,mJ hrru.;~• the t--..01, h•r ,m '-'Jlllm 1111 1• 

11h,1~n k.ht1n.,11~·.1th III Fit hJ 

lq I •1 \ 1 - ~., °'(J~ Ill JIil.i fl : J ffl 

\\ 1! • ,, -,,~m . ' J m) f\.J In < 
Hnic.._ 

' 
\. 1~ "Tr,l'I 111 

. ~ 
II fn-l m 1 < 

J • 1! -~,:-.m • 
I \ 1T IWf1T1 I( ({!.1 m I • •l In 

1 - :~·r _ lu7 ~00\\ 
t'l.ltn < 



PROBLE:\13.19 IC'unt.! 

512.00()\\' 

' reJuc11011 In y : c ~ 12.IJ<K) J07 ,2UOll5 12,l)(Kl : 41l'l\ < 



PROBLE\>1 3.20 

KNOW": Mntcnah ~i.nd d1mcns1on" 01 1. compo,su~ Wi.lll ~epi!T3tmg a cornbu-.uon ~.u- Imm J 

liquid Ca<tl::tnL 

FlNO: (al llc.u 1Di5 per unn area. and tb) Tcmpcralurc tfo,.mhuucm 

SCfli,:MA TIC: 

ASSL \1PTIOSS: Cl l Qnc.duncn ... innal heal IJ11.D,ikr. t'.!) Stc-'<Sy-tiGUe i:ondJt1on,, t~) Cun1itan1 
propcruci t4) ~cghgiblc r:adi:uion cff~cts. 

PROPERT1t:S: Tuhk ~. I Sa S1. 131\J 1 (t = lllOOl.1· k: ?.5.J W/m K. Tahir A!, BcryUiwn 
O.ide rT = IIOOK); l - !1.5 W/m K. 

ANAL \'SIS: fa) The dc~lred hc.u. flux m.:iy ht- c<tprc,\ed a-. 

T • 1 -T. : r2600-HJ01•c 
q:-~---~--~----~----~--

-~L-•-,.R. -~-'- '..!_ 0 01 ~ OS+ II O! m' K 
h1 ~~ ' kg h: Sil !1.5 • ~SA ll~l(I \\ 

' 
q = .14,1,(JO W/m' <J 

lhl The ct)mposne ~url.tL-e t~mpcr.uu:rc!a- nu~, be obi.uncd h} appl~·mg w.ppropru11.c rtll\: 
equ.:mnni r-rum the ta.ct 1h1u q :: h 1 (T-..1 - T~. 1 ). u toJ111w\ 1h.11 

T =T. - q" =:!600'C- .lJ,(,Ofl WJm' a loO~'C-
• 

1 
·' h, SIi Wim' K 

\\,.11.h q .. -= 1L."'1LAl lT,.1 -T«.1).11 =u,ofoUow\ thtn 

T T L,.q" ~ i•=••c- _11_11_1..,m.,.•..,J-1..,.,..,(l()()-'-.,.W>-'/_m_
1 

_ l"ft-'•C' r.l = t.l - i... ~,n - fP)'. 
11..,, • - ?l.,.Ci:\V/m~ 

S1mJIMI~·. w1t.h q = IT r., l -Tc.~ 1/R,~<• 

T,.: = T, 1 - Ru q = l892'C - 0.05 "'_~ K •3J,60:J 
11'. = 1111'(' 

n m-

Conunucd .. 



PROBLEM J.20 (Con1.J 

nnd wnh q • = l ke/Le )(7',.z - T,.z , . 
• 

T 2 =T . - L9q "162•c- 11.02mx34.600 W/m· "I 34.6'C . 
'· •• J..8 25.4 W/m K 

The tempera tun: distribution i~ therefore of the followin~ form: 

~-• slbZ °C Tm_, ,2600:C _/ 

I Ts.i •1908 C 
/ r;, =1892. ·c-
r- • 

/~ .• : /31-.6 • 

T..,, =100 

C 

C 

COl'-11\1Ei'<TS: ( 11 The calculations may be checked by rccompuung q from 
, , 

q = h2(T,.? - T-.?) = IOOOW/m· K(l J:J 6-100)°C = ~4.tiOOW/m· 

<J 

12) The mtcial es11ma1es of the me-.m mntenal tempcrntures are ,n error. pamcularly ior the 
slllllllcss steel. For improved accuracy the calculnuons should be n:pcatecl u,mg k v,tlucs 
corrcspondtng to T = I 900°C for the ox,de and T :c I 15°C for the steel 

13) The mnjor eontnbuuon, to the total rcs,stnncc nrc made by 
layer antl the conmtt. where the tempcromrc drop, arc largest. 

the rombu~ttnn l!.!\ hnumL.tn . . 



PROBLEM 3.21 

f<"0W1'': Th1d .. ni:,~. C')\ientlJ 1c.mpcr:1wre Wfftrc.m:c, 1md prcs,urc tor two ,tamlc\, ~1crl 
plates. 

FIND: I.ti lleJt Rux nnd lb) Com.1c1 pl.me 1<mpcr:11un: drop. 

<;CJIEM \ T I C: 

0 Olm -ij-• ~-j'l-•~-.j1-o OJ m 

!}--t---Cantacl 

T,, 
pr~ssure 1 bar 

L 
k 

J... ~9.,,..,• 
k 

T, I -T. 4 :/Oo•c 
T,, 

• 

'--'-Stain/~:.• steel 

ASSUMPTI ONS: 10 One-dnn<:n<aC>nol hca11rnn,icr (lJ S1<ady-<1a1c cand111on<.1'.11 Con,1.1n1 
rropcmes 

PROPERTCES: Tah/c A-I, S1:unle.s S1cel tT= -lOOK): k = lo.b W/m K. 

ANAL YSJS: 1>1 Wilh R., = I 5xlll-' m' ',;JV,' fmrn Tobk 3.1 and 

L O.Olm = 6 Q? JO-' :,KJW 
i:-= 16.6\V/m·K • ~, ,n ' 

II tollow, 1ha1 

he.nee 

(b) Frr>m 1he 1hcnnal rucu,1 

<] 

C0~1T\-fE1'TS: The conmct rcs.islilncr Js sign1ric:i.n1 rcllm\'c 10 the condur:u()n n:si,1:am.a.·~ The 
vt\luc or RL -.ould d1mm1.sh. hOWC\'er. wnh mcre-:t\ing pn:~sure. 



PROBLEM 3.22 

KNOiVN: Tcmpc:ra1urcs nnd convecuon coctfictents assoc101cd wuh t1wd, ,. mner 3nd ,,u1er 
surfates of ::i composite wa.lJ Contac1 rcsi~1nnce dimensions. and thcmmJ condueu\'1ll~t. 

11Ssocia1ed with wall mrucnals. 

FO-.D: en) Ra.1e of heat 1ransfer u,rou1th the wall. (bl Ttmper.uure d1<1I1huuo11 

SCHE\1ATIC: 

ASSUMPTIONS: (1) S1eod)•-s1me condmon,. r::?) One-dimcns1onal hea1 ITTJnstcr. , ,, 
Ne~ligible rndsauon. (4) Cons1nm properucs. 

ANALYSIS: (nJ Calcula1c tJ,c 101:ll rcsis1nnc:,: 10 hnd 1J1e heat rn1e. 

I L,. Le I 
Rtot = -- + - ➔• Rt.c: • - + --

h1A k,.A k9A h2A 

R 
[ 

I 0.0 I 0.3 0.02 I ] K 
101= -+...;...;.._+-+ ... -

10><5 O. lxS 5 0.04,5 !Ox5 W 
K K 

R101 = (0.02 + U.02 + O.Oo + 0.10 + 0.0 llw = 0.21 w 

= T •. ,-T • . z = 1200-10)°C = 76, \\' 
q Rio, 0.21 K/W -

<J 

rb) It lollow, tha1 

T = T - _9_ = 200"C - 762 W - I"• 8°C 
'· 1 -.I h1A 50W/K - .,.., 

qL,. 762W,U.01 rn 
TA= T, 1 - - = 18-1.s•c- -=-=-==::.= 169.6°c 

• kAA H 1 ~ , ~m: 
m·K 

Ta =TA - 4Ri_, = l69.6"C- 762W,ll 06¾ = 1!3.8°C 

A B 

r, 

T • = T - qL9 = I '3 s•c - 762W,O.O!m = J7 ·•c 
'· 8 ks A - ' W , ·" • 

0.04-,Sm· 
m·K 

T., = T,, - _9_ = 47 .6°C - 762W = 41l"C 
•• ·• h1A IOOW/K 



l' RllllLI \I .1..!J 

~ NU\\ , . ( Jucrr unJ 1nnrr ,uri.l:"r 1,,nn,'-"~hl'II .. ·,111Jn1cn, a,..,111.·1.11~J \\dh 1m;on11.1 i.c.•.ak'J ln,;,,nd 

'1lrtnr,. bbJ" n11d.11c,,c" 1 ticmu.l "t'Otlu.: uvmt"~ .. .mJ 1111-:n.1...-w1 f l•,1,tJ11~ t' ,,1 1hc hlJJ,: mJ.t~n.1I-. 
\t.u1mum .1J11m.1blt u~mrcr.uurc ,,I ln1..c.,11d 

Flt\ I>: ,\·hrthi.-r hlo1Jc LipaJrt", h<IL'" m:l\1mum h:tnp~t.nu,~ l ~mrt'ra1urt Jh1nt,u11un 111 hl.uk. "1111 
J ltd ",1huu1 fhl" ( BC 

111 i i I 
h • 500 Wlm2. K , 
T, 1• 4D0K 

Zreon,a R·,c'-'10...¢m~ K W 

ln.col"iel 
tt:25Wlml< 
Tm••= ,isoK 

• ~ 1 l WrrrH< 

\SSl \IP11 0 , s. , , Unt•Jtrm'fhlURJ;I. ·•tc.uh •"lf,HC t1,nJuu1on .tll J ~0111r\holl.: pl.lilt.! ... , JU, 1.:1 C ,m~um 
rt•'f'\; ·11 • ' "lit, thtiblc r.a.d1.a11un 

R ,. h ~ILl~•,,-R," •(I.J~I, ·h 1 

R". (1<1•-,~;.111-•.1n_J-::.ur•-:!• IO"')m E-::\\'=.,.t,9 .. Jfl"'m• K' \\ 

T • 

W11hrn11 :h:: fBC R,~ 

1l~Ull1',1 •:O.•lfl m 
,lit" lhc-11 

1 - T 

r . r 

ah· ·ll/~I , h 
• 1, 

Iv\\"; -l l>h• Iii" \\'Im 
T,.J/R: . ; 



PROIILl \I J.13 1(11111.1 

'"'° 
! ,.;:~ 

• 
~ ti!:~.'0 

i. I !ll() t -
11"0 

110() 

• ..,,, ... , .... 0""' .... 
- W,inf8C 
--A-" Y.,1nou1 ,ac 

C0'.\1\IE,TS: Since 1hc durJbiht~ l'I 1hc TBC dccri:,~, v.11h m .. rca..,m!_! tcmpr:r.ttur~ .. wh1i:h 111..rl.'.b'-"' 
•,, 1th 111 t~il'.'tllllZ 1h1.d, n.:,-.. hmu<ri. 111 tht! th1d.nc,:1, .Jre ,l\,th,.:liltcd "1th n:hJbllll~ 1..nn,1Ui:u11nrh 



PROBLEM 3.24 

KNO\VN: Surface area and m3X1mum 1empcn11un, of a chip. Thickness 01 nlummum co,er 
and chip/cover contact resistance. Fluid convccuon conilition, 

FINO: MllX1mum chip power. 

SCH!c.\1ATIC: 

•9.c 
+-R; --- --- - -----~ ' ' ---- - -

\SSU\IPTIONS: (IJ S1c•d,-,1a1e cond1uon,, (2) One-cflmcns1onal heat tr:insfrr. 01 
Scgh~tble heat lo~ from >1dcs and bouom, 14) Chip 1> 1sothcnnnJ 

PROPERTlES: Table A I , ,\lummum <T = 325 Ki: k ~ 238 W/m K. 

ANALYSIS: For a conuol rurfocc about the chap. conservauon of energ) yield• 

E1 -E,,.,=0 

or 

p ...... : 5.7 w 

COa\la\lE',TS: The dom111am resi~tnnce 1, 1ha1 due 10 con,·ecuon I Re,.,, > R1e > R,_, I 

<J 



l'ROIIII \I .l..!S 

~ ,o\\ ,: • ,~rJunr conJnmrn tc.•r .J f'u.irJ mnuntc-J .:lur 

Fl'.'-0: ., t:qu1\'11knt thcmtJI i.;m::utL It'll Chip 1i:mpt<"rJ\\Jr1.: h, I ~1.i,1mum JIIO\\llt,lc h-:.u d1'i.)11'JIO'n I •r 

•hd~~ln>- lu.1u1J I h .;;; 1000 \\ 1m r:: 1 J11d air th .:- Ilk.I \\1m· K rffc-.. 1 ur chJn~~ u1 t1ri..uu ho,1rJ 

1 ·mrcrJ!Urt'. .anJ com~1.;t rt''\U,tJn;.:~ 

',Ll{f \1-\1 ll 1 

\.~~I'\ IPTICl',S: 
tht'rrr K" ,t .. mi:c 

Str.tJ)' 0 ,u1e ,onJuaons,. 41, 1 r 1n('-dun.:n .. wnJI \. unJu,;hL•n, t 1 I ',t:I I 111 I 11..: , 111 r 
~c~1Js1t-ik r,1Jl,Hum. \ 'i\ Cun,t.tnl rr.:,r,entej 

PROrl.RT11-.S; rdhtr ~• l ,.\lummun, 0\ldt' lf!IJl~,n·,1.,Um~ '\~8 h.1 ~.: 1~ ~\\Im~ 

\',\I\ SI~; ,, 

r... -q•, 1lh1 R·,. l .11h. 
q< 

I IJ I .\rrl\ lrl!' ~on-..en·Jt11JR ut cnerJ!} to d u1nuol ~ur1 JCt' .lh1,ut lht' '-.htr ( J-

l - T.. T - T ... 
' 1 ~ I h, • IL,•l, • R'. • I h, 

\\ ,,,, 4 :s •• w•\\'1m h !:. 10()1) \\"tm K, ~- I \V,n1 I.: unJ R~ JIJ"tm· 1'/\V 

r :11·c T -::.,re . -
I I .:,, • r),f111~ I• Ill~ /m i,; \\' 1 IIOl"I"' K \\ 

,. 10'\l/m' ,.,,~1 -er,J-1'.l(J()T ::.0,11,JO/\V/,11· K 

~.. ,,7 ihOW/m 

< 

< 
\\.·1thq :5fl).CX'l!i\\1m anJq: i;~ll-0\\'/m Rc:plJi:in~lh~d1eltcim.·'A11huir1h,cl0!1\\ 111 i,.., ti 

(11110" •"F rt,uh ~ .arc l"'hlamr:J for «J1 I 11.•, .. ·m ~l 1mt,m,n1on, ,,f ~,. .mJ R" 

Cununu.:J 



PROULl::M 3.25 I ·ont.1 

~. I\\ Im· K I R• till " \\ I 1.f" f \\'/111 I q 1\~Jm q" (Win, l 

I 10- 115'! r,~()11 S{),5lJ 

I .3:=.~ 10' ~57~ 1,5()11 '107 J 
I ur-' ~It,<, 65UU SM,f, 

3~ ..i IIJ 1 I 25!i1 1>5(kl 110~ l 

< 

t u,1,11-:,T,: I re>r lht ,11nJ11111n" l'tl pan 1t,,. t.h~ IOIJI 1nti:n1JI r~~htani.:1! IS U.IJ.\01 111 1-\.,1\\' \\lllk 

h • ,ut ·r ri..: .1~1.1n-e-c-1~ 1111(11 rr Iv\\ H~ni.:1.· 

~ fT - T. ) R~ ll IJ.101 . 
- - ------ • ---,- - '*' 
•I If r.,)R" <1CXJI 

.iru.J onl~ .1ppr,1\lm,1tcl~· Vt 01 thi: hi:Jt 1, d1,,1pJll!d thmu~ lhe" t,l,arJ 

:. \\' llh h ":' l' ij} \\ m1 h. Lhl! L,uti:r ri..•~1\l111t1.:i;: 1m,.-rcJ,t:., hl I) O I m • K '\\ m "h1ch ... 1,1,; ~ 1• "1.. W' It .. 
11 ti~l11.11t 11) c' I .anJ no~ .ilm,,~1 ~~r;. 111 thl• hL'-il :~ d1,,1p.ui:J through 1ht" i,,,.ud H1..·ncl!' ,lhhvu_!!h 

rnl.'a,urt>"' u, rcdUL'C R'" wouh.l h,n·l~ ., nt!p-h~1bt~ clfrLt 11n 1t lor th.: h'-!unJ l..'OHl,tnl. h.'mt unprmL'mc:nl 
ma, h,: c.itncd h1r mr~1:o,.1lcd i:unJH1on, /h ~hu\\fl in lht: l.Jhl.: 11f p.trt rt,). U>e nf ~n .Jummum ,•\!Jc 
boJrJ1ni.:tc,1 .. eq, t,) f4~ 1fn11n~l59hJ!57.: \V,m lh~ rct.lucm~ R" trnmUO~OI coU,O~Slm· K.:'\1, 

8~.11.Jsc 1hc m11u.1r ~on1.u.:1 rc,1,1.1n,c, R:' 10·~ "1 K f\\' 1 '"' alrc.id\ mu1,:h le,, 1han R, . Jfl\ r"-'Llu.:uur: 

m t1; \ .1Jui.: w,,ulJ h.1\~ "' ncghg1l:,I~ L"itec1 tin q'.• Th'-" 1arti?('S1 l!Jtn "-11Uld bc.> rcJhzcd h~ in..:r~a,an~ h,, 
,m,:(' lhc in,1Jc, 111,t'\'ll•'n rtt..,1st.i,11:c mah:, th.: dlm11n.rn1 .:1+ntnb1.1t1on to 1)11! l\il,11 mlcr11;.1J 11.-~1~tu11cc 



PROBLEM 3.26 

KN O\\-'N: Conducoon m i,1 camcnl \CCoon with pn:scnbed drn.metcr. D. il\ a 1uncuun t1I \ m 
the form D = ox 1ll 

FIND: l•J Tempcr:uurc dJsu-ibution. T(,1. 1 bl Hent uan,kr rate. 4., 

SCHEMATIC: 

T,:bOOK. 

\SSUl\fPTIONS: Cl l S1cady,5101e condmons, C:?l Onc-cumcnsion:il c<1nducuon in ,.w.n,cuon, 
(31 No ,mcrnal hcot gcncrauon. !-1) Consto.nt propcruc,. 

PROPERTIES; Tobit,\ ·l, Pure Alummum (500Kl k = !36 \\'/m·I-.. 

ANAi. \'SIS: fol Bnscd upon the :usumpoon,. and followmg th< ,amc mclhodolu~ nl 
Exnmplc 3.~. q, Is• con,1nn1 mdcpcndcm or,. Accordingl), 

dT 11:: l ] dT q, = -kJ\ dx = -kl ~Cnx l /4 ~ 1 l l 

usirli, A= 1t01/4 where D = .,.,r. Sep:ir.aung van•blcs and 1dc1111fy1ng hm1«, 

lme/!l,lt1n¥ ond solving forT(x1 wid then for T::. 

Sohing E.q. 1,1 l for tt, ond then <11b,urnung into Eq. I 3 l ~ives the result,. 

7t ' '!. =-4 ,·k rT1-T1 1/ln 1,1/,1 1 

In rxt,1, 
Tl•l=T1 + 1T,-T,) ---'-­

• In (x 1/•::J 
<I 

From £4, Ill note lhar !dT/dx1·x = Con\lan1 It follnw< that T(x) ha~ the d.Jsmbuuun ;hawn 
J.bovc. 

(hi 11ie hc31 mtc follow, Imm Eq (51 

<I 



PROBLEM J.27 

KSOWN: Geome~· md ~umcc:: condinon\ of a D'\lncted sohd 1.:une 

Fl'ID: ta) Tempcnature dtstnbuuon. lbl R,ce ofhe>1 u-.w,fer ocro<.< the tone 

SCHEMATIC: 

, --,--=-=.-,-x !, x1•0.07Sm 
"....t.... 

Alum,n u m - --s'}'-y 
,D,.,xi-- -i'I'--=-" 

~. zo·c-c~::...: "'- - .L 

\SSLIMPTIOI\S: I 11 Steady-,tall: condmons. (21 One-duncnswnal conducnon 1n x. r3i 
Cc:m~1am pn:,pcmcs. 

r ROPERT IF.S: T<1b/e .•I -/ , ,\lummum t3'.13 K> k = 23~ W/m K 

\ro.A L YS IS· la I From Founer·s luw, EQ (~ . I). with A = itD2/4 = (:ta= /JI< l. It folio.- sthar 
-lq.dx 

, , =-kdT 
1trx· 

Hcni:<', ~mcc 4, i, rndcpcndcn1 or :i,._ 

~ f.' d.: =-kfTdT 
Jt:l ... '-1 ~ - >r 

or 

1 bl From the forcJ:;ot.ng C'(prc-.-.ion, u ill~ follow-, th,u 

ita1~ T1-T1 
q, i=.--:;-- .. • 

- I II•! - 1/•il 
n11m· 11238 W/m K q, ., 1:t0-11)(11°C 

<J 

<J 

COMME',iS: Tho lm~o,ng r.-ult, an: approx1m,1e due 10 use of a one•dtmcnsionaJ model 
1n trcaan~ J two--d1mcns1onttl problem 



PROBLEM 3.28 

KNO~V"I: Temperature dependence oi the thcnnnJ conducavny, k. 

FIJl,D: He1u Aux and form of tcmpcrmurc d1stnbunon for• plane wall. 

SCHEt">1A T IC: 

-k• k0 ,-aT T 
;:

i1>0 
Ta '< 7;, a=O To> Ti 

(erbtfrary i1<0 

9': 
s election) 

'---T. Ti 1 

l+x I 

L 
0 L 

)( 

ASSUl\1PTIONS: 111 One•dimen.iono.J conducuon through • plane wull, 121 S1cnd)•si.1tc 
condmons. (3) Np m1emal hent gcnernaon. 

ANALYSIS: For 1hc ussurrn:.d cond1t1on, q, nnd ACX) arc constant ond Eq. J.21 ,;ive, 

q.1Ldx = -~:• t1,0 +aTldT 

• I a"·" q, = Lfk,,fr,-T,l- IfT~-fTJI 

From Founer', 1011>, 

• q, = -1k0 +an dT/dx 

Hence. since the product of lk,,raTJ nnd 1dT/dx1 ,. consiam. dccrca~mg T ,-uh mcrc;isin~ , 

tmphes. 

• > 0 . dccrensmg ck,,+aTl and mcrca,m!? JdT/cb I with 1ncrca,1ng, 

a = 0: k=kn => con~t.101 CdT/d,, 

• < 0. mcrcn.<ing (k,,+nn and decrca<ing fdT/dx I wnh increasing, 

The temperature distnbuuon~ appear a~ shown m the obovc sketch 



PROBLF.M 3.29 

KNOWN: Temper:uurc dependence oi rube wall lhcnru!l cconduc11vi1, 

FINO: F.~prcss,ons [or hcoJ tmn,icr per unu length and rube wnll 1hr:nml 1soriducuon1 
rcsistMec. 

SCH EM,\ T IC: 

r,.T; ---
ASSUMPTIONS: 11) S1c:ui)'•S1•1C rondltions, C1l Onc-duncn<1on>l rnd10I conducuun. ,. li No 
m1cmal hcn1 generation. 

\NAL YSL~: From F.q. J.l4, 1he apprnpna1e form of Founcr', law 1, 

dT dT q, = -k A, - = -kfZ1ttLl -
dr dr 
dT 

q, = -211Jcr dr 

• dT q, = -2,m.,,11+,n ~ . 

Sepmung ,·mnblcs, 

q, dr 
- -=k.<l,aTidT 

1Jt r 

and mu:grnang ncm" 1he tube w:dl, find 

- ~• f'• dr = k.,fT• rl+nTl d1 
-1t J,, r >r 

q, fn [ aT' ) IT., -,-In-;;; k.0 T-"--;--
-1t r1 _ T, 

It follow, 1hnt 1hc n,·cr:dl thermal n,si>mncc per unu length 1, 

.l.T ln(r0 /r, I R,=-=---------
q, 

<J 

<J 

COMME:-TS: 'iote the nccc,,11, "' the ,1>1cd »sumptu,n, to ircaung ~; "' Jndcpcndcm of r 



PROBLE"1 3.30 

KNO\\'r--: Steady•1muc 1ampcnuurc d.Jstnbunon of convc:\ sh:.tpe for ma1enal wnh J.. = ki,< I .. 
un where et is a consranr and the mid•po•nr 1cmp,,rarure "~T, higher rhan c,rc,;ed tor., 
bncar tcmpcnuurc d.Jstribuuon. 

F'IND: Rclat1onsh1p 10 c,.lluare tl In term, of .lT0 and T 1, T: the rcmpemrurcs •t the 
boundmcs. 

SCII F \IATIC: 

Trxi t 

7j 
.------, 

\SSLMl'T IONS: ( l) Srcody•srarc candmons (2) Onc-duncnsiannl cunducu~o. (~) :,ic, 
internal he;11 ,gc:ncrouon, (4} ex. lS poSJuvc nnd c-ons£ant 

\ NAL YSIS: ·\r any lucauon 1n the wall. rouricr"s lnw has the form 

dT 
q, =-1.,,1 1-nn-

dx 
ll t 

Since q: is a consta.m~ ¥.'C c-an sepanm: Eq. 1 l ), idenufr appropmuc 1mc!!ffiut1n lmul!li. and 
,nu:grme 10 obu:un 

tLq';tlJ< = -~Tr ~(I~ aTldT 12) 

. , 

q~=- ~ [(T:+ 
11

:
2 ) - (r,+ ":1 )] 111 

We ct',uld p-crfomt the swnc jnlCJ,TJUUon but with the uppt'r limns at '< = ill to obt..1.111 

where 

15 I 

Scmng l'q 13) equal 10 Eq. rJt •nd ,ub,111u11ng from Eq. 151 for Tl.': Into E~ 1-11, and ..,1v1ni: 
for u. C\ enrnaU~ find. 

!t.T 
n~-~,-~,--- -------, 

!Tf + Tj)/'.!- l<Tt + T1JI! • ~T., 1· 
<] 



PROBLEM 3.31 

KNOWN: Hollow cyhndcr ol 1hcnnnl conduc11v11y k. inner :md 0111er rad11 . r, .,nd r., 
respecuveh. and length L. 

FIND: Thermal res1stru1ce using the nhemnuvc conducnnn annlys1> met.hod 

SCIIEMATTC: 

r 

ASSUJ\1PTJONS: (11 Stcadv-<1au: condiuons. (:!) Onc•dtmcnsionaJ radrnl c"nducuon, 1.\ ) !',c, 
internal volumetric genemnon, (.l) Constant prope111e, 

ANAL \'SIS: For the differential control volume, energy conservation rcqu,rcs that q, ~ 'lt-hlr 
for stcudy•suuc. one-dimensional conduions with no heat ~cncranon \Vilh Founer', la" 

dT dT 
q, = -kA dr = -k(:!rrrL) dr (I l 

where A = 2rrrL 1s the area normal 10 the d1Tcc11on of heat transfer Since q, ,s constru1t Eq. \I ) 
may be sepnraied and e><prcssed m Integral form. 

~1•• dr = _(T• kITldT. 
2:rL r r >r 

rusummg k "consUlm. the heat rate ,s 

2nLkrT -T.) 

ln(r0 /r, l 

Rememl>enng thu1 the 1hcrmal res,;tru,ce i< defined a, 

R,,. oT/q 

u follows thni for the hollo" cylinder 

COM~lENTS: Compare 1hc alrernanvt mc1hod used in thts analysis v.llh lhc stcJJ1durd 
method employed m Section 3.3.1 10 oh1mn the Si!mc result 



PROBLE)I J..ll 

K1'U\\',: rtnd,ne-11-, .1n..J inner ·•urti.u:e t~mpcr,uure ot c.1k1um s1h.:u1e msuluuon l1n J ,1c:.11u pipe 
(.\JTI\t'dton ""J 111dumun ..:uoJ1111,n,. .u ,,uter ,uri.ti.:r: 

FJ~T>: 1.11 He.it In~, pi:r umt pipe h;nglh 11'r pn:'""nh..:J m,ulJU('ln 1h1d,nc,, ,ind ,uucr 'li\lfl-'"' ~· 
1c:mr :riJJurc: 1t,1 Heal Jo,. .. Jt1J r11d1.II ecrnr~ramrc: d1\1nbu11tm .&., J lun1..t1L,n u1 m .. uJ..aunn lhh 1-n.: .... 

Steam 

tnsu1atton 

q'cona 

T.s 1 
a' -

r_. 2s 0 c 
fl = 25 W/,rt2 1( 

• 
q c:onv 

h,:Zor2 

' 

T,s 2· t--= 0 B 

.. 
'. 

\SSl MrT101'S; • I I S1ei.1J\-,1.;11c 1,:(lnJ111ono.. 1.:J One-dnnl!n .. 1nn.1I i:.undu..:ltQn. C 31 Con\hUU rrupeuu:, 

PROP~ RTIES, T.,h/, .-1 .l. C.1k1um S1lo.:a10 1 T = t..15 Kl, ~ = 0 l)~Q \\ /n, K 

,,.\I \SI!) J fmml::.q ~..!..~Yi11hT ._J'>OK.th1.:hcu1ra1cp\!rumtlcni;1h,t 

I IL 
T I 

lnlr- r. I 
~.1uu~•J\\ n, KMSOl)->Qf)JK 

lJ' -
lnlOflSm Uot,ml 

< 
1h1 f',:rt{trmntt .m L0 nc:r1::~ lor ..i C\•nlr.,I ,-un;h:c .arounJ lhr l1Uh!r ,urf.14'.c ,,11hc- m,ul.u1~,n.11 rollo'A"- lh.11 

1.j'__. =-"-!·-- -'-j_. 

T - T_ • Tl - T. T, ! {11, • -- - •-=--= 
lntr. r.J 2:d, I t::rrr.hl I l.:!~r.h,J 

-'her: h f ,.,, r , ,.. T ~)IT•. • T..,) ~wh m~ 1h1, '-"l1U.1Jlu111 lnr T ••. 1hc ht!.n r.1te m.1~ b" Jt1t!rmm1.:i.J 

ln•rn 

Ctlfl!IUUL'<l 



l'ROBl,T~M I. I 

K~O\\~'\li Mrthod or M'Jl3.f:lll0ll or \'atlabl.c, l~ecl10U ·I.~) rur two-.dimn1slnnnl, 
!lik.ady-~l:Ul· condurtlon. 

FlN01 '.',Jio" 1ha1. oc~atlv•• ar 1rro value, or ).2, tLo t,f'p:i..ratiou 1:onsta.n1., rr.suh 1n 
ohHion which c-a.nnol Pti!tiy 1L~ baundn.ry C'undHion,. 

SCl1E~t,\ TIC: 

e,o 
Yt 0, I w·---

0 1!,o,--J~-· 
e,o 

ASSU.\1PTIONS: ( I) 'l'wo,di111t:11,iomU, !ile:idy-at.ate c:onducLion, ('.!) Cunstant 
r,rorwri ,, 

A.."IAL YS l S: r rom :=;1•ctiu11 l.:!, 1.fcnt"1lic111.ioo or tl1t! "'°par:~tioh run~t.11,nl \. \,·:uh, 10 the 
lv.-o ordinary rJifT,,rl•ntit11 cq11:Ltiam1, l.6 nod 1,;, b.avio~ lht• fnrm, 

d'~ t ,\'x-u d'Y - ,,y =0 (1,2) 
J,• dy' 

,nd the trmprroturc d\,irib11t,on l, •1•,Y) - X(x)·Y(y) (3) 

Conil,h•r nuw lht• 11ituntlo11 whnt \ 2 =0. 1-'tom Eqs. (l), (2), :rnd (3), flud tbal 

lllld 

Evalunle the contlnnts • C' 1, (~2, <;, and c. 
t'OndiLions: 

j,(x,y) = (C 1 +L:xl tc.+c 1y). ( 1) 

... by substitution tt{ tln- ht1uncl:\ry 

,=0, 

v-0: • 
' L. 
y-.\\': 

i;io,y)- (C, -,. C,-O)(Cs - c,1) = 0 

6(x,OI = 10 + l',Xl(C, - C, ·o)- ti 

tifL,01 - (o - r',L)(o + C,y) - o 
O(x. 11') • (0 + O·x)(O + l', W) = I 

c, = 0 

c., -o 

o, - n 
O=I 

Tbr llllit bmrnd:lr)' rondhion t·'•l\luutinn IQAdt to a.n impQS...'ilbiltty (D.,,I), \\"p lhcrcCom 
c:ondudi" 1h:.t • .>,l value uf' ieru will uol resolt in ,4 form tJ( the- t.empt•r:aLurt· tth,trlhut.ion 
which "ill uti11fy ll1r, hau11d~ry eundi!ians. Con~idn UO'-' th«· 1it1Jntin11 wlwu ): < 0. 
Th• ,oluLh>nt "' f.tJJ, (I) •nd (2) • ill b• 

and 

Ev.lu:llf' l!tl' c:on1l11t1L1 ror lhe houndnry c:onditlon1 identllitd nbovt•. 

y•O: 

.x-=O~ 

e(x,O) - c,. ,, .,. Ce• "I IC,c01 0 + c,,in o: - 0 

"(o,y) = 'c,.0 - c •• • o + c,.1n )yj - n 

Lr c, • o.:. trlvio.1 solution H"5Ults nr c~ • -c,. 
x=I.: "(1,,y) = c,lr .i. - t_.,_J c,,in ~Y = n. 

Fl'mn tlil·' 1~1 houqrla.ry ro11dition l'\'AluaUon, wr re-c1uirt C\ or C 11 li u•ro; dlht:r ca.-se 
h•2-ds tu a trivlsl toh1tiuu with <'ilhr-r no x nr )' d~pe.odt.net' po$'1ihlt-. 



K. ,o\\ ,: T1
,\,..,J1mcn,1"t1.ul ll!i.:C.lnt!Ul.lr rl.stc ,uti1c-.:tcd !ti pr~:nbed umh•nn tcmPl,!t.llu1c hound.in· 

1•r1J111t•f1• 

f, J "'110: r.·mp.:,,11u1c ,d 1he m1J-r1+m1 u,11111 1hc c,J,.:1 ,.,,Jutrnn ..:un~1tJt"nng: 1he I 1r11 the n,,m /ch> h:nm, 
J,,.:., m 1r r\'~utun~ fr,1rn u,m~ on!) 1u~1 1lm:C' Lt.rm, f'lol !ht" 1C"mJh!r.Uurc: JJ\lnbulloll\ Tt ,.u, 1 .1.n~I 
Tr I 

S< IIL\I~ lit': 

1 
... 
t .,. (1,0.5) 
i 

0 
l• 2--•(rnj 

\SSl 
1 
\U'l to,,: I , T"' o-J1m.:n~1~m:il, nc.JJy .,1,ue i:vnJu" tt,,u. C: 1 Comc,mt rropc-r11C\ 

\\ \J \ '."'l'.\: F, im Se-..:tlon J _ 1he lcmpc-r.11un.· Jt1-tr1hu11nn 11o 

11,_\) T-l • .,!-( 11""•1 1 ""') l>nh!Ms) I ) 
- - ' ~---,in -r. 1 • ;:;' 11 \ L ~inhlntt\\ LJ 

\\hc-n n uc-1o1,.•1112, l h ,. th" i:nn~~P1lnJmg 1cm11, ttro. h1.'.'nL-.! "e occJ 011h cun:i.nJi:r n • I 1, 5. 7 
.mJ 1J 1.\ ti• .. ~ hht fni: 11.io.lcra 1rmh 

011 } ') !j, l")1omh!,,II ~ ('")Jmhrl•,..;a• .f , • - .Mn - j--:--,-::- T ~"111 -1---,-,-,---, ·• 
:; 1 \tnhb ~) l ;:_ .,111h('~ JI 

~ oCil'f'1;1nhf,'n;JJ ~ ,7~ ,mht7:-:4) .1 ['°'~)\lllhl 1)!fJj' 
-5-Ul - t-1i!UI • ♦ .... \HI - I 
S l ~ 1,mh(Ci;: :) "l' ' ~ ninht7i:: :!I tJ 1 "'mhl'h:-~) 

"ii.{> j 1 ~ l [II;;, U not , fj [)()~ - ro •~II. 0 !JOO]- 11 ,.i5 

' 
< 

II onh 1hc hht lhn.""C rcnm of thr: vrn.:~. f"-t I :i .. 111.• i:on'iid!.'rcJ, lhi.! rt!>llh "'1fl 1-,c 8-d.O .5, ~ 0 Jh. thJJ 1, 
!here J'i Ii...._, lh,:m J 0.1'i- rtf«t 

Usme i;~ 411 .• mJ wnonl! 1..,u1 lhe r u .. 1 fhe 
11.•1111~ • •I 1he Jt'th,! ... c,rrc.u1um for At ,.o ~~, 01 

T1 , ,0 ! 1 umJ 1J1 I .y) .,r Ti I.) ) \o\-rrr J..c~ bL1.uJL\j 

11110 the I I IT \\ ,, rl \p.U:c und t\'aJlJ..lkJ fi..,r 

~"nor, n\c•1 1he ·, or r \·.inahJc l\01c lh,u fo, 
Tr J.~J. lhJI .1, >'- I.th~ urpcrhound.:t.r'!- , 
Tl t.l ! 1' ,;rcjl~t 1km I lli1rc l 'l"k.," r,.1.mm:uwn 
,,1 lhl" m.1e.r111uJt~ 1,i rerm1t., 11 hr-c.nmc1 e"1J1.•n1 
lb;1J m1•rc 1ti.,n-< h:n11", .in· rcqum:J lu p10,·1J.: 
·'" a.;1.:ur.11 .. • '-PlllHon 

" J > . 
• e 
~ . 
r 

, .. 
"'' I•~ 

" 

• 

l I ! • 

ii 1 r 
0 . , •• •• • 

t 0, y COo"1,1lll9 111) 

-m,, 
-- ti, .ii 



l'ROUll \I 4.3 

KNO\\ ,~ Tcmrcratuti: d1 .. 1r1hut1u111111hc tv.1.1•Jim<ni.1u11JI tti..t,mgu!Jr rluLI! l!I Prohlc:1tt.: ~ 

F'l'\D: L- •,1m:, .. i"11 fr,r lhL" ht".U rate! p<r unit t l m.:~ul!,, h1,m 1h1,.• lo\\l'r 1>u1fa1.:e 10 s, S ~. 01 iUal ,c.,ult 
h.l'.c I l n fu 1 11, • nun-,i:rn lt"nn\ L'f 1lu.• mlmik' -.ern:." 

y(m) • 
W= 1.----------, 

r1 = so•c 
k = 50 W/m, K 

' q'o.a 
' dq'y 

I I I 

"here .-rom 1h,· ·- ,lu11n11 ,._, f>rob1cm-l .:.. 

T T : .,.... c-11"
1 

• l l nr.,) ,inh(n~} L) 
H • - - 'l _ ----,1n ~ -,---~..,.. 

r - T " -; n L ,,nh( n=W LI 

I ''' I I r { ~-

, 
of - ~IT. T1~ t 1 ' ,- IUl \ 

•11nh1 n~ \\'·I J ... - 1."tl L - • ,- " ' ' .. 
,, .. ~IT: 

r,~ , , 
! 1t ;-

,, •• , -1 

JI 
I I I 

,,nh[ns L/ 
,ostnn;} < 

Tu ,,·alu.,te- 1hc.- lin,1 hH·. ni>n-1.c111 IL'rm,. recoi1111c lhJt 1-m.:e Clnlnnt -;i I f1,.1r n = =:, .;, t, , , ~oh the 11· 
o<ld 1cnn~ \\ 1fl be non-zc:ru I li:m:c. 

<o \\'Im Ktl50 

! ll' • I 

111 
• I 

I 

< 



PROULF:',14 .. 1 IC'on1 .1 

COM, tEf'\'T"i: II the rorc:gmng prm::t'Jure wen~ us.:d t1."I e,..tlu.ah.· 1hc hi:JI r.11e 11110 th~ upp1n ,urf.1l'.I!'. 

q;,. ~ J J4,r,. \\I.II woulu loll"" 1h.11 

' " 

Hu,H·\t:r. "1th Colhl nrt/:?: I ~ I. ,rr.:,p'°' 11vr ol the , 11loc of n, Jnd ,._ uh ,I [1 I)'" 1 - I]/ n bezn~ J. 

• ,hvergem ,(rrc,. the complrtl! ,l!nc•, due~ nnl cnn\·er~c J.nd 4· -+ 1, n,i._ ph~•.-.1,all) untc11ahl1! 
c1m<l111on l"\.')tlllJ; rrnn, th..: t-.-mpcr.11un: <l1,conununu:::t impo .. cJ ,tt 1hc upp~r klr .mJ nght c(1rncr..,,, 



PROBLEM 4.4 

KNO\VN: Roclangulor plAle ,ubjeet0d to prescribed boundory condition•. 

FIND1 St-e:.dy .. stn,te ~f)'.ra.\urf' d1ndbutlon. Yt 
I>.--------. ,,......T(w. y) 

T·Ax 

SCHEMATIC: 
T•O 

ASSUMPTIONS: (I) Steady•s<Ale, 2·D conduclion, (2) ConsLADI prop•rtioa. 

ANALYSIS: The oolulion follow, tbe melbod or Section 4.2. The produ<l 1<>lution i,i 

T(x,r) - X(x)·Y(r) - (C, ,.,. >.,, + C11in >.,,J(c,.-,, .1. c,.~'') 

and the boundary condilion, are: T(O.y) - O, T(a,y) - 0, T(x,OJ - 0, 
T(x,b) = Ax. Applying BC41, T(O,y) = U, find C1 = O. ,\pplyln~ BC#2, T(o,y) - 0, 
find t.hal \ • o,/a wil.h n = 1,2,. . Applyin& 8C#3, T(x,O) • ll. find thnl c•, = -C,. 
Ht"n('1•. th~ product ,olutlon i.s 

T(s,y) = X(s)·Y(y) • C,C, sin[":•] 1••'1 - • · ''). 

CatJtbin~ eoosta.ot.l and uilog supcrpo,lLl.on, find 

T(x,y) - ;~, C, •in [";:"I ••nh I n7 j . 
Ta evaluat~ c., U!.'lto orLhncon:il runctlorus wit.b Eq. t.16 to find 

c. • J; .\x••in[ n;' ]·dxf,,nh[ n:b l J; ••••[ n;" I dx, 

notlnit that y • b. The numtr1nor, rltDomlnator and Cn, tf'!ipf"Cli'-·rly, ~rt•: 

[I I' ]. . . n.x a o,x ax omc .-\:,. 1 

Al', •m-·dx=A - sln[-1--•o.•I-J '-. l-,:c,,jo:r) 'o a i1-:- a D1'1" a ntf ' 
0 

[ l

. 
n"'b , nmt . nm> I L 2n~ a. 

•lnn[-].r•m1-·dx -11nh -]-~--,ln[--1 - -·•lnb a o a a. 2 ◄.n;r a 2 

Aa' '/" 10~b1 ., 

0 

[••b] c. • --(-1)" -•lnh - - 2Aa (-t)• /n· •inb -- . 
n-:r 2 a o 

llenr.t·, the lt-mperaLure di.strlbution ii 

I 
sinbln;cy] 

•1,1 ) 2 Aa ~ (-1)••1 . o;;x I • 
X,y = - "-,J '!HD -- --~--

:! o-1 a a I -b I • h o .. 
51D --• 

n:rb I -- ' • 

<I 



PROBLEM 4.5 

KNOWN: Very long squnn: bar with one side ma1nuuncd at l00°C while the other three are 
maintained at OOC. 

FIND: Without performing n flux plot. sketch the 25 and 5(l°C isothcnns; e,plam ho,- you 
arrive at their shapes and locntmns. 

SCHE!\lATIC: 

y/L 
1 

0.75 

0.50 

0.25 

0 

d'C 

I 
0 

i,e--Symmetry line 
, 1oo·c 

I 
05 

o·c 

1 o ➔x/L 
ASSL~1PTfONS: Cl l S1eady-.ia1e conditions, (2) Two-d1mcnsionaJ conducoon in bar. (31 
Cons1a111 propcn1es, (4) No mtem:d gcnemtion 

ANA LYSIS: First recognize that the tcmpemrurc distribution 1s symmcuiclll about the )'•nxis 
at x/L = 0.5. Hence. the isotherms must be normal 10 this symmcll') line (0.5. y). Funhcr. the 
isotherms must converge a1 the comer (0, l) on the (vi., y/Ll plane. If we 3ssumc. 11S n /ir.11 
npproximndon, the heat trnnsfer in the direction along the syrnmeiry lme is ,mc•dm1e1u1011al, 
then the 50°C 1so1henn wiU intersect the symmell')' line 01 10.5. 0..51 Likewise, the 25"C 
isotherm will lnten.ect 01 (0.5, 0.25) So the isotherms can now be sketched hnving dctcnnmcd 
rwo m1ersec1ions (in the upper comer and along the symmetry line) and the slope u1 the 
symmetry tine. 

COMMEJl,'TS: Usmg the series solution or Section 4 I , the cxnct 1cmpern1Ure:s 31 (05. 0.5) ,md 
(0.5, 0.25) are 25.0 nnd 9.54°C. respectively. Hence, we conclude that our first approxm,nuon 
appro:och 1s poor since the heat lrunSfer is rw1Hlimens1onal. Jr L.,, > L,, then our first 
approximnaon approach might be more rcawnnble. 



PROBLEM4.6 

KNOWN, Loag furn.ace of rdrn.c1ory brick w-ilh prC!lc.rlbcd surface lcmpcralur~ aod 
mat«!rial thermal coadutlivily. 

FIND: Shape r..,tor and heal Lran,rer r>te per unll length uoing Lb• Oux plol molhod. 

ASSUMPTIONS: (1) Furnare lrngLh nomw lo page, f, >> cr05.,.,wctloo•I 
dimension., (2) Two-dimensional, •l•ady-o<al, conduction, (3) Coll!lant propurlics. 

ANAL YS[S: Consideiing Lhe cross-ae<:tion, Lhe cros,.batcbcd a.rt:a rcprt!Srnu 11 

symmetrkaJ eJcmrot.. llenc:c, the bent rate ror the entire rurnncc per unil ltnglh i11 

, q s 
q = f = 41 k(T 1-T,) 

where S ii the sba.pc fa.et.or for t.he .symmeLrlcaJ seclion. SclerLinR lhrc◄! tr-mpcnt.ur~ 
iotrem•al• (1'=3), conslruel lbe Oux plo\ ohowa bolo"'· 

N, I 

l 

.3 

Prom Eq. ◄.28, 

and from E;q, (I), 

-Adiobtti 
r, 

I 
M, ,\ I 4 5 

· ·AJ,•b•I 
J.L.lf kH ; f ~,,,, 
lenr- Mr 8.:i 

T, 

S - \,(( or ! - ~ = ~ - 2.83 
N t N 3 

q' = 1,2.83,J.2 \V_ (600-RO)' C = i.31 k\'1//m, 
m·K 

<J 

<J 

COM:/1.:IENTS: The sbap• r,,,or can alao h• estimated from lho relaliorui or Tabl• 
4.1. Tho 9Ytt1motric•I •«tioo coasiwl• of \wo piano wall• (horiionlal and vortkal) wilh 
a.n adjoining cdgr. Using the approprh,te raln.tioas, lhe numerical va.Jue!t nre, lo the 
•ame order, 

S - O. 75m t + 0.54( + O.Sm f • 3.0·11 
O.Sm a.Sm 

Nou, tbnl lhis result <omp•rt~ favorably with the iluY plol r<'5ull or 2.SJ/. 



PROBLEM 4.7 

KNO\.VN: 1101 pipe cmLt·dtlt•1I 1, r.cntri•::ill; 111 r1 irr,J.l:.r synon hrav111i • pn·<K.dbt<d 
tber•t111I roodu<:ti,·lty 

FIND1 Tl e $hapt- factor :rnd heat tramil'n per u.nh lcn~th (or I he prescribed aurratt! 
lemr ;ru· 1r, 

SCHEMATIC: 
T,,tso·c-.,,,...- ~ 
D,zo,.m+---k" 

k,OSW/m K---:C. 
r.,::ss·c---... 

R,40.,., 

-Crou•J111t,h~d r~9101J 
,i a symmetr,c11f s~ct1on j 
J~n9 fh "'e'15ur~d norm•/ 
lo p19t ,, I. 

ASSL~1PT10NS: {t) Two-,Jin,1·11 ou.11.f 
L1._•ntth f >> rii:undrkal dimr•t1-sior1.9. 

rouductioo, {:.!) Stra.Jy.,tat11 tondltin11,, l3) 

ANAL YSJS: C'orisid1 rirt& ,_ ht" C::CO!L"·-,tl'tioual yl~~ ,,r llw pip~ ,Ylf PUI, • hr, symrr.t1 ric-:..1 
r;rl".tir,r. »hown a.bov11 i• T~:tdily Jdl,ntdit-d, Sr!~tt.ln1; (uur Wtnst<'r.i.l urc Iner, mt11l1 
(~· -IJ, tl1n,tr1~ t tli(· ilu~ plut showu lwlo\11, 

7j , I 50"(. -
hf' J/,t •flffffltfr1c.f !I.N'fl&o, 

b 5,-MI/N• 8;,!i 1•2 IM 

For lh,t P'P~ .tys fem. 
S,ZS.-4261 

7 

For t!1e J,ipr .-ystl'tn, tL1• hc.:,.t rate pt'T unit frap.th Is 

\\" 
q - ~ - k,rT,-T,J - 115--. x I ~r.(tr,n-1s)" (' = ~ 15 \\)111. 

I m·K <I 

CO?.~IE;",/TS: °l;utc LbOl In Lhe lower, rlgh1-h,nd 11wulr1nl or 11,,, fl,:. plor. lbt• 
cun·;iinr·llr qua.res :trc irrcg11lar. f1rther '>'ork 15 rec.purt·d to obLa.ln 111 irnprnw·iJ plot 
nnd, f.,•nrt.. ,,Lu1n a morr .1t·l'11r.:.tr ~tim:.tf' ur tlJr• ,ba.pe factor. 



PROBI EM ~.8 

1' ,o\\ , , ,1rut. tur.d mr"mhtr v.11h .l..ncw, n 1hcrm.1I c11nJu..:11, 1l)' -.,11b11."\:1cJ Ill 1 h.·mp(I dml' Jd k•~n..:s: 

111'0: u, T1.•r11J'll'f'.i.tuf<' .at a prc....,,ihcJ r~•,nt P 1b1 Hi:Jl tram,h·r pc1 u,111 lrn~1h 111 thl· •.trot \. I """1,,.h 

1hc ~ ~. 'IJ ,mJ -"·T 1w,1hc-rm1 .. mJ 1J1 SJmc ,1n.1I)"~ on the "hJ?( hut\\ 1tl1 1d1Jh.s111.: J\u!h-=t111Jt 

h11u11JJJ t 1,l•1uhu~,"-. ri:\·mt>J 

~ = 75Wlm•K .... 
' 

, , 
• Symmc1ry 

ISOthenn 
0 2 m ; , p 

• 

-.i ~, tn 1,,_ 

lnsulaUon 
,,,t \ll'TII>,,, 

pf1)pq1, 

T = 100°c 

p 

r, 

\ , .,L, "',IS: JI I \IOJ! thi: f111,.•lh11JLil1)_!!} ,,r Si..4\.lll\tl 4 l I i:on\UV-.1 J ihh rlul. \'ph• thl:' lure <ii 

1)nu11c1r: '>'h1i;h l'\l'-'<!t 1hrnu~h 1hc ru1n1 P ,,. .in 1w1hcm1 .t.s ,hov.-n Jixnc 11 h,ll11"' ~ 111.11 

< 
1•11 Tll( flu\. plct un tl\t S)n11lll!l111:JI ,c-..:IIPn 1, nn\\- c<111 .. ,m~h.•1J M ot'iwm inc ~h.-pc f,1~h•1 Imm "l11d1 tht'. 
110:-.:11 ,.11c- I\ ~fr11..-nniut.:J Tl1.11 ,,. lrotn l::.q. J !~ +mJ -l ~f1, 

I-rem 1h .. • rfu; cl the 1\ 111111~1n..,.af ,e,u,,n. 

S =- ,l 11 t .t I ll~f 

h:,r the- 11111 \.L"tlu,n ·1 lhc ,mu. 

Symmetry 11no. 
-isotherm 

' , -T=so•c • 
'-. 

• 
4 3 2 1 • 

~ O 2 Heat lane Mo 

,~ Tht: l'W•lhl:rm, r .. , T 5 ~. 15 ,lllJ I llf)' e Jh.· ,ihu\.t.n llff dt~ nu, r11,t I he T =-1 .. ( l!t.Vlhem 

\}ITIIIIC1th, \\ 1lh lh1,.' Tc: 75"(' l,111hc.nn. 

< 

hi! B) rc,i:r.1r1111hl• 1.th.1b.a11i; .10J 1w1hs:rnwl h,lum.1.IJ) 1;lmd111um,, lhe I\\O-J.1mc1h111nu.l .. 11.1pc :.iprr.tn J• 

'lh1'"" m the: ,~t-td1 bd,r\\ Th ... • '-)t'llmrlru:.-1 tle-n1c.n1 ltl he nu~ plollr:J ,, tJ1i: SJll)I! ...... h,r 1hs: ,trnl. 
l'lu:rl 1he 1.~mrnctr:, IHh: o no" Ju JJ1-1b.i1 

Con1111u.cU 



PRORLE\l 4.ll 1Con1.1 

.... 

+ 

r, = 100 

S = !S I 701' 

J·rom the flu., riot. r,11m,uc 1ho1t 

T= 25 °C 

"1!',r-T = 50 °c 
• T=75oC 

0.4 heat lane 

, r, = 100 °c 

< 

< 
COM ME~T',~ t l > By m~PC''-tlOll ot lhC' -,hi.1p:,-, fpr p1U1!'1 LIi JmJ 1b 1. It 1~ ob\111u~ th11t lhL' hi:.11 ri.ttc 1{11 

lh~ lalh:r \\ 111 he t;rr•Utr Thi! t.~,1kuli.111ons fohO\\ 1hi: hL·111 mtL• 1, gn:•1tcr h~ more thnn n factor 01 thn.~ 

111 B~ ct1mpanng. 1 llt: flu, plo1..-. 1 M the rn o .:onl 1gur-u11on,-, um.I ~orre,pondmg roles. ot th 1: JJ1.-b,t1, .1nJ 
1,u1he-nm,, \\ClUld \'OU cx:p..:i;t the )b1.1.p,t f.1ctor for p;irt!I f.i• to he the r~i.:tfH11t:i1I of p,U't thi • 



PROBLEM 4.9 

KNO,VN: R-,lath·r: dimcnsion.11 nnd surr:u:c 1.ht~rmal coadit.;011" uf a. \'-grooved 
channol 

FtND: J1"1ux plot and ,h•~c r•ctor. 

SCJifil.fA TIC: 
W/4 

T,>TL 
C ro~s .,,c t1on of sol,d 

ASSUMPTIONS: (1) Two-dime111ionnl conduction, (2) Stcady-,1~tc conditions, (3) 
Coaslnn l properth .. '-9. 

ANALYSIS: \\'1th :symmetry about th~ midpl:mtt. only tmt--hAlf of I tw ohjrd nt•,•~t br 
toD.!iidrrcd u Jhowo bt>low. 

ChoosinR ti le-rnpc-TJUure incrtmt1rHs (~ _,a), it rollows from the plol th:u ~1~7~ lfooc~ 
from Eq, l.~G, the •hnpo factor for tbt• b:tlf section i• 

e !>I / i r -r .,=-=--=LI, . 
N 6 

For tbe complete sy!llcm, th~ l'lhf:l.pll ractor ls tliro 

S = 2.J.jf. 

1--i--i-+-+-J.-J._Js 
•6 

M ·,1,= - 7...J._...;i:_5 ..,;a:-~.....;1-:3,....z._2..J.-1--1 

~ Symmefry 
aditJbat 

<J 



PROIILK\I ~.Ill 

h. '0\\ ~: L,,nL· ..:11ndu1t uf 1nnc"r -.m;ul,u ,nh, ~ .. 11nn md noter \Ur1,11.:c1 ttl "'lu.trc trms \C'C111•n 

fl' 0: Sl1.1ri: 1111.: 1 or ,md hi.-.u r,ni:o IL•f the l..., 1, .1ppl1c.: .1tmn,; \\ hC'n c,1,11,..r -.u, tJ1..~\ ,m: m,u1.,1~J ,r. 
nrnn1 ,uul•J Jt a unnorm 1t.·rnrrr:11un-

S( HI \f \ Ill.': 
Symmotry ad1ob1;1! 

! . 

0 
® 

~: 150W/m•K 
Symmetry ad1atm1 

,sst \IPTIU!\S: 11 T~,1-~JJmcn-.wn.d. H~·~y•~l,UC' ,onJu,uun, (~, r,,n\lJnt propcn1("\ .1mJ (11 
l cmJun , \&-·ry li•ng 

\ ~ .\t., 'ilS; Tt,c ,1J1ab.11u: ~,1nmc1ry hnt.":~ forc1.1-..h ,,11l1L." •rrl,~·.JJhm, Ii -,,hu\l.n .1l1.1J\C. l"smf,! 1h~ rl~a. 
pl1•! mrthuJulug)' JllJ M"lc~ 1mg fout ll'111r'-'1,llUri:" lhi.r('ITTC'hCi, t,.. -:e 41. 1hc llut p101• "'i: ,I\ ~l11n,n tlt"l,m 

T2 T2\ 
&.trmate O 2.x 

4 • 
'-. Ms:1 4 S 6 )...-"' ! Ne;'-. 

N~1 

T2 
j-

~- E$tlmate 
0.3x 

~llf 1h,: I) mmcrn .... ll M:CUOO\. s = 2S .. "ht'f't" s ; ~l / /~ iUlJ the ht.>JI r-.11.c I cir e.i~h Jrrll ... uion n '1. 
2,s,11 .~,T T 

-\pphi:-JI llltl 

,-\ 

B 

S,J, 
l S~ 
I 55 

t i 1\V/011 

I 1.SSS 
6.975 

< 
< 

("()\f\tF}\ TS: t I J M>r .1rplt~.11n111 .-\, 1mh1 01 lhc h~al lun~\. lt'.',.1\·l' tht'.' mner i.urt..1i.:c If ,1 ,,n lht'.' Uj'J1i:t 
pcrtmn 

":'!1 hJ1 ,1t'rh~.111on 8. lllt.1r.1 rif the heal 1lm, l.1nc;; h:.::a,c th..- mfll't 1,.urlJC.: un 1he upper J'lofltll·.:>n 1tha1 1,. 
l,ml!i. I .11 a~~: .1u,t'.' 1he 111" t'r. r1.:h1-hJmJ c1m1t"r 1, 1n,ulJhoJ. 1hc- ~nlm.• !'.~Ihm c,pcne.n..:c,i ~m,111 hc,Jl 
1 luv., 1 Luu: t, .,. O .:!.,- ,"01c: U1c ,hJpc\. uf th~ hothermi nt'.:U thl" nit11-h.1nd. ln\Ul,111:t.! huun .. l~ .mJ rh.11 

Jht•}· IOlt"rlc, 1 the ~•1u1l<l.tl') uorm~tlJ~· 



PROBLEM 4.11 

KNO\\"N: Shnpt• :u.1d 5,urface cond Liou ... or .l sup11urL column. 

FIND: (:,) ll••Bt tr:rnsit•r rat,· p,·r •mil leu~th, lb) Height of a rcctnngulnr bar of 
equiv :ilc.nt lh1.·rnU1I rt-sis~nutl', 

SCHE~tATIC: 

f 
03 ... 

l 
1•;:::::~0U6;:m;:::::::~ r, ,o•c 

ASSUJ\,!PTIONS: (t) Stcady-st:ne condiLioll!I. (2) :,.'cgligibli• thrCf>-dimonsional 
ror1<!•1d ,on dfoct.s, (3) Con~tnnt prop.-rlics, (I) Adiahatie sidt'S. 

PROPERTIES: Tai,/, ,·I 1, Su•cl. .\ISi 1010 1323K): k = ti2.7 \\'/urK. 

ANALYSIS: (a) From Lhc "'" plot ror lh" 
half section. ~1::.;, and .'\"'"<~- ll1·nc1• fnr lh" 
full""'''°" 

q -Sk(T1-T,) 

. \\" 
q "'J.2S~ti2.7--:-(IOO-O)' <' 

iu·K 

q .:::: 7.8 k\\'/ru. 

M:1 23 45 

1 '1--1-l--1-T' 

1 ljj~r.s;,~~ 
i1:1i:1r1:s;~-~ 
6 ;f--.+-!--1--'r 
7~-HH-~ 

N: 8 :;1...&....1......1.-.i....~ 

fL) TIJt• r••cL.:tu~ul:ir b:i.r pro\.'idL'5 fnr onc-,Hrrwu~ioual la•.:.l trnnsfL•r. I h.-nf't:, 

(Ti -T,) (T,-T,) 
= k \ • - k(0.3/) • q • H H 

llencc, 11
_ O.Jk(T,~T:) _ 0.3m(52,7 \V/nl'h:)(loo·c) 

q i800 \\ /111 

<J 

<J 

co~n.tE;-;TS: n,. fact !hat II < 0.3m i• «111siSLrn1 with !he rt'((Uircment tb3t !he 
tb~rm:il rt:list:'\.(H't'°" or the tro.pczoid:J column mus.i Or l,'.53 tL.an th:sl or n rcctnn~ula.r h;ir 
of tlw ••m~ height and lop width (h1•,,i1,c lhc width of the trapeioi,bl rulutnn 
latrrJ\..IJCS with inrr,~a.sing distnnc(', x. from llw top). Hence, if tlic rc<"l:ingular b::ir is to 
be or ,·q11iv11lenl ,,,s15lancr. ll must be or srnnller h1•i~h1. 



PROBLEM 4.12 

KNOWN: HoHow pri~matic bars rabrica\.ed rrom plnlo corboo 1teeJ, lm in length 
with prcsc::ribed t.(!:mperalure dilfe.rcnc,. 

FCND: Shape ract.o,. and heat rate per unit length. 

SCHEMATIC: 

T, 
Ouf~,dr. d11,,MJ,0M 
JOOx/OOmm 
Tn~idt: duncrrsion) 
'JS, 3S,.,m (A) 

T, 

{B) 

ASSUMPTIONS: (1) St.eady-atate condiliona, (2) Two.dlrnonsloolll conduction, (3) 
CoDJ1ta.nL proportiet:. 

PROPERTlES: Tab/, A-1, Steel, Pl,ln Corboo (400K), k = 57 \V /m·K. 

ANALYSTS: Con,lruct n flux plot on 1be oymml'trlrnl ,rr.tlons (,boded-regions) or 
each or the ba,.. 

' 
/-1 (A) 

The. s.bape factors for Lhc: synimnt.rical sections are, 

Ml 4 M( 3.5 
s.A----t=J/ s08 =-•-f=II.HB< 

• N 4 • N 4 

Since each or tbcse 11<:ctioaa iB ',, or the bar cro!!f.seclion, lL follow'!i th.nt. 

59 • -lx0.88( 3.5(. 

The bent ral<l per unit l,ngth i, q' - q/f = k(S/t)(T1 -T,), 

I \V ~ 
'IA • 67-K .<1(500-300)K = 45.8 k\V /m m· 

qo = $7 .,,: , 3.S(l\00-:IOOJK - 39.G k\V /m. 

<l 

<l 

<l 



l'ltOBl. f \I 4. IJ 

~'.\O\\ \: I \\o-J1m&:n\11m.1I, ,.1ual'I! ,h.,r,c-, m.11111.1mL"d al uml Mm ltmr,cr JIUrci .,, fH(S4.:t1bcJ. J)\"fh."l &I)' 
lll'-Ul.11 LJ ·I ~1.·" hi!re 

FIND t ,,nr the' llu, plvt mcthoJ, i:,um..ill~ 1hc :t-h.irc: fJ1.h1°' onJ 1hc center 1cmper.ttuh!\ 101 1hl!' ,h.arc.,. 

,\"iSl \IYI 101\S I lj Stc::;,u.h ,1.11\!', 1~,,-tlm1cn-.u1n.al \.Pm.lu~t1nn.t~1(\m .. 1.m1 propt"rt1~, 

\ '\ \L, "-il.S l ·<. thL" n'k!th1.;JHl11g~ uf ~l•~t1on J \ I 10 cono.1n.u:1 the Uu, plo1s. \\'1lh Fll!Urc 1.11. ~gin 111 

th, t...n .,JL 111.11.wi; 1hc B,Olhcmis .alm~M e'-lu,tll)· '-r.1i:r:J ,rrh:c 1hi: hi:-.11 tluw. 1At·tll nnl~ ,h~h1ly ,rrraJ 
1t1v..JrJ thL r1i!hl s,~.n t-b.cld11n~ lh(' ~d1.1h:ii-. in 1hc ,11.mu~ 111 tht T, ,ur1J~c: J-1~urc tM 1, m11rc­
J11ru:ull Ill .in.tl}lt: \In',;(' ntllh~r the UolhC'rtlt or heat 11\_I\I, l..t11~\ .ue rerul1tr m J.O\ rcgtun (JI the ih.irc 

l·or 111~ p,c..,cnt !-lluJ.tiun. lhC" bc"1 ,Jrpr~1.11.h Hi hJ ~·tm in the: uprs:r n~ht-hanJ ~omcr -..•I th\! ,hJpc 

r, 
. 

... ' ' ' ... 
• 

_)_/ 
.. 

N • 1 

2 
• 

3 -
' 

• ·, -4 

5 " 
6 

M-123 '4 
T7 

(8) 

. 

,, 
' 
• 
• 
• 

' 
' 
' 

03x 

. . 
654321NM 

(b) 

1 ' 

r--J'-/--12 
r--1--13 

4 

< 

C:O'.\l\ll:. \:T\ L •Jng .a 1inuc~IL"mcn1 p.1C..J..J~i: \\Ith J fine: mt:,h. ~·c t!L"lcrmmc:d i.h.1~ f.t.;h11, uf O ~/;. 
IN h111h f-u.!urr~ ~J amJ thl Sm11IJ1I~. lhl.' ~c.•n1c.r 1rmpt"ra1ure~ arc ni:Jrh lhl." ~.1mi:. T(O.U) s;. .fl-l :ind 

',. ~ r' 11.":.pc:1.°ll\'CI) The rr\."Cl'ilnn 111 lh«.'! rlu, rlllli h .lr the ht:Jt rah.·~ h l1c.1rly 1\f)'ir h1~h. bm the H'nh.·r 
lL•m~r.uurr c.-"umates are plk~ one~ 



PROBI.F.\I ~-14 

~ ~O\\ \ "l\"·,J-d1mcn .. hm,1l. 'tfUJ!\! !ihJ~), 1 m to u ,1Ji:. maml.t.m.cd JI unr1nr111 ti:mpi·r.1twl.'."\ J-. 

pr!:!,1r,.r 1h ·1.I. r,·1 h:c.lJ) in,uti1cd d~t:\\ here.· 

l·'1'
1
·1n I '-HI.I! 1ht..• 1111, ph,1 mcthoJ, ~,t1murc lhl' hl'.it rJti: rc-r unit hmg,th mlrm.il h• the: p,l,gc ,f 1he 

lhcrm.il c, nJ'u .ti II\ h 50 Wi'm K 
• 

\SSt 'IPTIO'\S l I) Stc•1Jy ... tJh:, l\\n-J1m<n,1unJl conJu,11e.1n, 1:!I \t1m1an1 propentl"' 

\1\ \I YSJS I. ,t: thl.!' m..:thndulog) ,,1 Scc..tmn ..t ' I It.I L".URMnll:I 1111: nu, plot) to obt,1111 the ~,lilp(' Lh..'h1rs 

lrr•nl \\l11d1111<+ hL'.lt rJh!~ i,,.an ~ i:-.1kul11tcd. \\'uh hgure (.ti, bi:gm Jl th.: lo"-c:r-Jt:t1 \ILlc!' mJl-.ing. 1hr: 

,,,11hcml\. Jlmu:-.t c41u.1..IJ~ spJ~l'J, .!ioHh.:e the h~JI tlo"' "111 uni~ ,hgh1I~ spread lo\\ arJ lh~ n~ht S1.1n 
~kc1t.:hmg thL" .,U,:.ibJts in tht." ,1\:tnJl~ of the: T:, .. un·m.:c 'fhc d.J,hcd lmt: rcrrc\Cnt, th~ .ufo1h:11 ,,hh:h 
'l.'P.JfJh!S 1h1..· .. hJrc lnlO IV. 0 ~1.'~nlCnl \_ J Lt\ 111~ nt...:ugn11cd 1h1, leJIUrc. II \\ ·" C1ln\ eniem lo 1Jt·11111 \ 

p.LJ1MI hc,n l,anc, Figuri: 1b) u lc~s d11'fo:uh lt'I Jn;1l~·u- ,mcc thi: l"uthcnn mh!l"\·,~I, ,lrL:' nt:.1rl)' '"'t:ul.u m 
1he IO\\ -:r li:11-h.ind 1."f1mer 

T1 , 
• 

6 
, 

5 
, 

• , 
3 
2 

N 

os, ,2_1l3102~ 
M _ o Sr 05x 

72 (11) 

0_5 ,. ~ .. () 5 - 0 ~ • o ~ 
t, 

s• II 7() 

'I ~ kS'(T, r,J 

r, 

4· I0\\1>11 K 0.0 01100-0)K= ;O(J\\'/m 

4 
J ' 

• 2 • 
M 1 

2 J 4 5 
T2 N-

(IJJ 

ii •/0 

11'., kS'IT1 - T ) 

q"=ICJW/m '- •0.40(100 IIJK •jjkJI\Jm < 
CO M\1 E\'TS l, .. m_g J flmlc•dt!m~nl p~ku!?c: ,._ 11h .i fine llle!tih, \\C t.Jc1~rmmi:d heat r1ui: .. - 11 iJ~t, .1nJ 
415 \\ 'tn rnpc...:u,::h., torhJJuri:-. !J) ,1nd 1b). Thi:c,11ma1c fnrthc le~, J1tfkult hl!uri: 1b'11, \,uhin 
'!'"i 11l lhr.: nurm:n\,,.;.tl me,1h11J rc.--,ull. Ft,r r1gurc- 1.1>. ciur flu, r,l\•t r1..·,uh '-''1i :?7t;} hm 



PROBLEl\,f 4.15 

KNO\V:-;, ·r'"(>-,1lirr.t"l1'1i11ual rirC'l!I .r "h:tpe maiot:1ic~a at u..ntrorm 1rmprraLHl't'!I OD 
J11.lrtioM or Lb.cl, hu1uabr1ts.. 

FIND: Sb..arH.• r.o.ttors usintt tlux plot mc•thnd. 

ASSl!~tPTIO~S: :tj T"u ... 1Jimt-11i1lou:tl, 11teady .. 1tat& <'Onduc~ion, (~} Con,1.A.nL 
proprrties. 

ANALYSTS: P1i(• lhl'! tnt-thodaloKy of Sc,('tina 1.3.1 tn C't.1Dt1Lrud thto 11ux ploo. \Vlth 
rt1ur1• {n). wr' IIN"d 11nly con!lidt:r tht- 11ppt.r ha.Ir of lite !lli~pe; bf'Dtir., tbe hor-i1outn.l liof' 
or symml:'try 1s :i.n b,JtherIIL \\'c,'\·c sclectt·J 3 inrrf'1w:all o( .1T and th1:n NkNchl'd tbe 
l1tat llo~ lam•,, 1>4:gintuflg 0,L thl" lt·rt. 

-- N . 
s 6 

I • 
I 
• 
I 
• 

2 

I 
. 

Sy•m~try /,n~ 
• -- ,s on ,~olh~r," 

-Th;,- r~q,on 
rcf!_r-r.rnl .s •Pf!t"O~ 
0.5 of 11 /•~at 7one 

<J 
WiLh Figure (lt), then· .s no !ffIDmC-lry lQ ,impli(y thf' Ou'l plouing .. \ value nr S wiut 

choscu a.11d ~otberms skl'ld11•1I. Theo, beginnintt nL the ldt :i.nd right sides, tbe 
Adi11bAU -·ere 1~.t"lrlu•1i. :\'otc lhr. irre1,;ul.,;:u ht::.L llu~ la.tar. :tl 1.li.- r .. n1rr. Tht• dfoct nf 
t.br Insulated r~·gion at th .. to? bu littlu 1tfkl·r.n on Lbe botL.ctms skctcfu·J. 1"b" 
dMhed lin1·:1 reprt>:!-f'II~ iot<:.rmcdlritr- itoLbnms. 

• \I 1, &.3 ( I •. " -- ::,- - - .~.,, .._ 5 <J 

N 

" Est1mt1 fe ½ heat flow lllne 



PROBLEM 4.16 

KNO\VN: Ururonn mcdJn of pn,scnbcd gcomctJ)' 

FIND: (al Sbnpe foc10r c,prc,-ion, From 1hormal r,,sis1•nce r,:lauons for the plane wnll. 
cylindriclll shell and ,.phencal ,.hell. lbl Shape rac1or c<pn.-umn ro, the 11othermaJ •rhen, of 
dio..me1er D bunro in on lnfini1e medium 

ASSIJJl,fPTIONS: I I) S1eady-,1n1e condhlons. (2l Unuorm pmpcmc,. 

ANALYSIS: ra I The r,,lauoaship between rhc shape focror ttnd rhcnnaJ r,,sistllnce or n ,.hupc 
follows from their definlllons 1n 1errn, of heu1 mies ond overall temperature differences. 

6T I q = kS6T 14.25), q = - (3.18). S -= lkR, (4.27) 
R, 

Using the thermal rcsiM31lCC rd1111ons de,cloped ,n Chnptcr 3, thc,r L'tlrr<Sponding shape Jociors 
IIIC: 

Plane .,,II· ~ L S-=~ R,=-
kA L 

<J 
t-L-'1 

Cyluulncal rhe//: R,= 
ln(r2/r, > S= 21tL 

2r.Lk lnr:/r1 
(I. in10 th< page) 

<J 

~
r, 
• 

I [ l I ] 4n Sphtrlca/ shell R- -- S -, -~ r1 r! - 1,,, _ 1/r, <J 

(bl The shape roc1or for the sphere or ,Homc1cr D in wi 

1nfiouc medium can be dcnvcd c:,stly us,ng ahc ,dacmau,c 
conducuon arutlysis of Secuon 3.1 For thi.!. '1Umunn, q, " 
a cons.nm and Fourier·, lav. ha, ahc ronn 

i Med,010 ~. Tz • 

, dT 
q, = -k(4m-l dr 

Sep,rn1e vanablcs. idenriry limJ1s and inacgnue. 
D 

[ ]- [ ] •~ I q, :! 
--- -- =-- 0-- =tT,-J 1l 

4Jtk r llll Jitk D • 

or S = 21tD . <J 

COMMEN·rs: Nore 1h31 the ri:,ula for th• buried ,phcn:, S = 2rrD. con be obwned from UIO 
cxpre.<>on for the sphcrkw ,hell wnh r ! = - Al•o. the shope fnc1or eKprcssion fur the 
'"isothermal sphcr,: buncd in a <cm,-infinfrc medium pri:,,.,nacd in Table J I prov,dc; ahe ,ame 
result wuh z~-. 



PROBLEM 4.17 

KNOWN: Heat gencrauon ma burned sphcncal coma mer 

f'lND: (al Outer ,urfoce tcmpcmnne or I.he contwncr. (b) Reprcscn!lluvc 1solhcnm and heat 
Oow ltne,. 

SCHEMATIC: 

ASSUMPTIONS: I I l Steady ,mtc condition>. C2l Soil t, a homngcncou, mcdlun1 "11h 
con>Wll propcrue, 

PROPERTIES: Table A-3. Soll C300Kl: k = 0.52 W/m K. 

ANAi. YSL'i: (nl From nn energy balance on the con1a1J1er, q = E, Jnd rmm the lirsi entry in 

Table~ I. 

.,., 21tD kCT - T ) 
, I-D/4z t 2 

I-D/41 = lO"C -t 500W 
2nD 

0
,,~ 
.J-mK 

l-2m/4Chn : 92.7'C 
2n(2m) 

<J 

Cb) The 1so1hcnns may be v,c..,ed as spherical surfaces whose center moves downward wnb 
increasing radius. The surface of the sol! tS an ,sothcrrn for which the center is at z = -



PROBLEM 4.18 

SCI IE1\.tA 1'1C: 

ASSl,~1PTJONS: (I) Stc-ndy-st.a.te- cooditiou.1. (2) Onc-din1L'n'!llo1111I conJuclio11 
tbro11gb jmnJlation, 1w~dimen1lonAI t.hroui;h soil, r3) Con.suutl prop1•rlies, {.&) Ne~lhtible 
<>ll cu11\·1•cliun .1..C1J p:pe w:dl cuncfortlnn rr.o;lstnnces, 

PROPERTIES: fablr ,I ·!I, Soll l300K): k - 0.62 I\' /m·K; Tu61, ,I .. i_ C:,•llular glUll 
(365K1· k = 11.0~D \\'/rn·K. 

k~AL YSIS: Tl1t• ht·at rate c:an L~ "1Jm~1t.•U ns 

T1-T, 
•1 - - -

Hwt 

wbC'rt• th~ tburm:a.l rf·JU.li'-3.llCt:: h nt.Ol = R,a, -r R..,,1 • From Eq. J.'28, 

R ~ 6,(D,/D~ _ m(O 7m/o.sm) _ o,;;nrn•K/\1' 
ull 2:-rl,kt,u 2::-L:- U.Olm \\'/m-K L 

F-"rom Eq. 1.:::; 11.ud Tahh• J.J, 

I rosh 1 (~,fn, J 
it I =-- -- - -. -..,,.-:-:--

!--k~1 '!;rLkllJI.I 

HrtH't, 

U.6nJ 

L 

<] 

CO?'t.·l!\fEN~rs: 1 l Contt-bution5 or tLl" soil and lnsul:itit1r1 tu the• 1.r,i~I rcslstnncr• arr 
a.p-proll.irr it,•I}· Lb{• :.imc. Tlui ht.<:lL llffii mo.y b(' reduced h)· l.Juryih( i.h,, pi5w ,t,•t·pt!r or 
;irJdii ... nwr~ iuiul.:it1on, 

{2) "fhe ruuvt-rtiun resJ..t..anrr :i»Otiatcd w~th lbe oil (low thruugh tbf' 11ipc mny be 
,i,;nifie.11.nt, in which <'Jl.S<' the forrgoini tt"sulL would O\'l'rt.~lim:i.tt' the hcnt ll1~ ... \ 
calc11l:it.ioJJ u( thh1 rl".5l!1Unl'e m:ty lo• h~<tPd on r-tf\Jlh prr,f'ntcJ ln r'b.1pt1•r .,, 

(3) ~ince 1 > :U)/~, Lhe 1b3pt• rnrtor ror thr. soil (IUJ n.l-io Lt- l'\'a.lna.tcd from 
S = :2.-1./tn(ti/D} or 'J':..hll, 1.1. .l11d .an ('l}Uhrtlent n·,uilL i!I oltt:tlucd. 



PROBLEM 4.19 

FINO: Tlmprr~Lun· l\t. thr cumiurLor•.slce,·,, int1•r(rit1! (or prt·n-rilwd dissipntioo rate.. 

SCH:El\.1.ATIC: 

nd 

51••••. ks•OO/ W. m•K. 

ASSUMPTIONS: « 1) Stt·nJy.5,1aw ru0Jiti11tui1 (2) Constant propnllr •• {3} Cooc.Jurtor 
approli.im.nU.•¥ hurl.tont11I. llioLhi?rm:a.l cylin1lt-r burled in a },cmi•inOnll,~ irwJium. 

ANALYSIS: p.,:form nr, l!Qngy ~.a.Jn.nr,:, ion th\: ('.Orlduetor t. .. 1 tind
1
tlw radiul h•·:u rate 

• • • I . 

pf'r unit h•ngU1 1 M l~ua l·"out + l·J~ - E11. or 'It ._ Ei: ~ The 1nsulat1ug 
sit-~\·,, :uul f.a.nd m"dium m11r hf! rl·prCAt•nttd b;r t.lJ1• Lh.-rmal cirtuiL. 

whcrn the in!\ulalin;; slce-.·r: bt-J:1av1•s ns n cylindric-:il shell (Eq. 3.~~l, 

!,' ml(r,.+lJ/r.,I _ 011(0.01~5;-0.003}/0.0l~S; _., .,
1 
.. f\\' 

, tt"\ ... = -,::-::;,----- - --,-.,. , . - ..,,.1_ \. m . 
2 •k•=• 2:-. o.u l \I /m· K 

The rcslll3.tlcc of Uu~: 1:t..nd follow, (mm lhe appropriate :1bn~w fnctnr for n btuicd 
cyli11dcr or dl,un,Ler D • D0 + lt (aco Tttble 4 I notlnK t > JD/2), 

n' __ I __ ltll-lr/DJ • 
... ud Sk - t-k u.td 

from Lhe 1.tirrrn:.t drctJlt, 

Ti-Tu.Sid 
q. --c,--=,-
• Ru.,,.,{' +Ru.:.u 

n, I·•, n. Sm /(0.020.0.006)111' 
~-,n.03 \\'/m•f( 

or 

• 2~.11 K·rnf\\' . 

<J 
CQ:,.1,\,1£!':TS: I 1) The th~rmal ,.,.i,tanco or the in•ul:.tlng ,1.,.,v,• t, 
3.·12, 'I J. I!! +22.11) - 13% or the hltl'll t.bnnrn.1 re..'ristancc. 

(2) Tb<· mAx1mum 11impn.tture. will unur nt the- eonduc&or ceaturJinf". It k~ IOO \\'/m·K 
(purl! c:oppn), from Eq . 3.53, 

T(D) = c\r! + T, = 2037 \\'/111'(0.012sm)' + 20 , C "'
20

, C 
lk ,I <-100 11"/m·K . ' 

whore •i-E,/A, =(I \l'/mJ/(:iJ.U~S'm'/1) =2037 \\"/mJ. tlcneu Ibo conductor i• 
n•~arly h.uthcrrnnl. 



PROBLEM 4.20 

KNOWN: Operating conditions of a buncd ~perconducnng cable 

l'l ND: Rc:qulrCd cooling load. 

SCIIEll-1ATIC: 

'll \ f • ~ <::i ~ . c:::;t, • , ~ 
0 f<s=l.2 W/m·K 

R9 
~ 

Rz 
T,, 

z =2.m 

L 
-Insu/at,o",J.. k.;•O.OOSW/m·K, 
J),,=0.2m, u;=O.l m 

L ;9,u1d nifrogen, T,,: 77K. 
C.-,ble 

ASSUl\,fPTIONS: (I I Stc-0dy-statc condiuon,. (2) Constant propcnics, (J) Two-d,mcn,mnal 
conduc11on in soil.(~) Onc-dimcn,mnal conduction in insulation. 

ANALYSIS: The heat rate per un11 length L< 

, T1 -T0 

q = Ri + Rj 

, T1 - T0 
q=-------,-=--,-;,--------=----=----:­

fk, (21t/ln(4z/00 ll r1 1- ln(D0 /D1 )/2rtk, 

where Tables J.3 :ind 4.1 have been U!.<:d to evaluate the insulation and ground re,i,tances. 
respccti,•ely. Hence, 

• (300- 771K 

q = IC l.2 \V/m·K112n •lnr8/0 2))]- 1 + ln(2J/2n,,0_()()5 W/m·K 

. 213 K 
q = (0.489 + 22.064)m·K/\V 

q' = 9 9 \V/m. <J 

COl\-1 \.fENTS: The heat g:tin 1, small aml the dominant contnbu1ion 10 the thermal rcsis1ancc 
" mode by the insulauon. 



PROBLEM 4.21 

KNOWN, Electrical healer of cylindrical shape !Merted into a hole drilled nDrmnl to 
the surface of a l:,rge block or mat,,rial with prescribed thermal conductivity. 

FIND, Temperature reached when beater dissipates 50 \V with thP block at 25 • C. 

SCHEMATIC: 

D,Smm,-<•'f--1--;1,~ 1i 
T •·. --t-r-r-_ .""i-1-- 7; ,zs•c 

L•lOOmm : : ; -• ·•• • k=-SW/m K 
.L • • £lectr1cal heal-er, 'ts50W 

ASSUMPTlONS: (1) Sleady-•lalc conditions, (2) Dlock approximnles ••mi-in6nite 
medium with constant properties, {3) Negligible heal I°"" to •urroundings nbove block 
•ur(ace, ( 1) Heater can br •pproximnted a.• isothermal al 1'1• 

ANAL YSlS: The temperature or the heac.er surface follows from tho rate equation 
wrill.en u 

T 1 = T, + q/kS 

,.bore S can b• estimaled from lhe conduction shape (actor given iu Table ,t.J for a 
"vertical cylinder in a ~l•infinit.e medium/' 

s - 2rrL /&(~L /0) . 

Substituting numerical values find 

S - 2in<O, Im 14, I ◄ .<0. lm l - 0 3 
' ' 0.005m •14 m • 

The tempera Lu re or the beater is then 

T1 -2s ·c +so \V/[s W/m·K-<O. HJm) - g1_g•c. <] 

COMMENTS: (l) Note thllt tho hel\ler hM L >> D which i, a requiromonL of tho 
shape foci.or expr015ioo. 

(2) Our ca.lculatioo presumes thcro i,, negligible thermnl contact resi,tancc• bctw,-en the 
hc&t,,r and the medium. In practice, thi• would aol be the case unlc,, " conducilnR 
pa.11t~ wt-re used, 

{3) Sine• L >> D, 1hc &..'ISumption• (3) and (•1) are roMOnablo. 

(4) Thi,, &rraogement, referred lo as lbc line •our,e method, b"" bc:ca used to dl'lonninr 
the thermal conductivity or m,tcriab rrom ol,,.erv&tions or q aad T

1
• 



PROBLEM 4.22 

KNOWN: Surface temperatures or 1wo parallel pipe lines buried in «>ii. 

FIND: Heal transfer per umt length between 1hc pipe llne.s. 

SCHE~tA T IC: 

ASSUl\,1PTIONS: ( I l S1t:lldy•sia1c .:ondltions, (2\ Two-dimen,ionnl conducaon, (31 Consum 
propcnies, (4) Pipe lines a.re buncd Vl!ry deeply approxiJUJ1w1g buriru in an infinne medmm. 15) 
Pipe length> 0 1 or O, Md w > 0 1 or 02 

ANAL YSJS: The heat trnnsfer r:uc pcr unll kngth from the hot p,pe 10 1he cool pipe is 

q = ~ = fkrr1-T1) 

The shopc factor S for this configurooon i, given in Table 4 I ns 

1n:L 
S= [ 2 2 , _ Jw -D1-Di 

cosh 1 

~D10~ j 

Subsruuung numerical values. 

_! = 2n:1 h"' [ 4x(0.5mi2-(0. lm)
2
-(0.075m)l ] = 21!/ .1-1 (65 611 L COS O,JI 

O O 5 
COS 1 . . 

-•vlm~.7m 

f = 2!t/4 88 = 1.19 

Hence. the heat rn1c per unit kng1h L, 

• 
q = I 29,0.SW/m Kfl75- 5l°C= 110 W/m. <J 

COi\lMENTS: The hem g;un 10 I.he cooler pipe hne will b<: lurgcr than I JO V\1/m 11' the soil 
1cmpcn11urc i, greater tho.a 5°C How would you cstimu1e the hent gam If the l'<lll "-«< at 
is•C" 



PROBLEJ\,1 4.23 

KNO\VN: Tubr- t>Wht·dJed In tbt CC!Ulf1f pl:t.ne or :I. CQtlt'tek sln.b. 

FINO: (:i.) The sbap1.• r11dor :i.1111 lit-:it 1-rlllllfer rac.t pN uu\l li•nglli u.iog the 
n.ppropr111h• t11hul:ued ruln~ion 1 (b) Sf1~pe fador u.sJn~ Oux plot mct.l10J. 

SCIIE~lA T TC: 

1, 
Conerett 

r,,2o·c 

ASSU1\,fPTIONS: (I) Two-dim•nsion•I •011d11,1ion, (2) Sto>dy-11,1,, <ondlllnns, (3) 
Consto..ot properlir.1. I I} Coucrcll! .'ila.b i.n0n1lely Ion~ in borltontal pl:Lnti, L >> ,. 

PROPERTIES: Ta4/t .1-.v, Concrete, ,tonr mix (300K): k - I. 1 W/m K. 

ANALYSIS: (•J Tl .. , ,,rubcddcd Lube-,lab ..,..tnu torr,,.ponrh Lo tbc lift h .,ptem 
desc:rlbt-J In Ta.blf' 1.l. R,.ro~nhin< tbat our tuhr.-.1lab syttem rnt't•ts the re~trirlh·e 
cooditioni (1 ,. l) J'l. L .>> 1), tbn shnpr rattor relalfon is 

,... 1~L 
~ - • ( ' l)J ID Q.i/-r: 

whn,· L l! the lcn~th ol' 1be ,y-;t,:.m oormal to the pa.gt•, : is llu.• half-thkknt·..'IS of lhP 
slab and D lt tbf• dl.'\met,,r of the tube:, Sub,titut.1ng uumaricn.J ,•alut!I, Ond 

S • 2cL/fn("<50mm/~liDmm) - 6.72L. 

He.nee. 1.lw bent ra.te pt!r unit lrn~tb b 

q'• L•l = LSk(T1 -T,)=6,;2.i.-1 \\'.(~5-2D)'Cu6J2\\'. 
m·K 

(h) Tu tirul Lhl'I ahaJw rtt<:Lor using ttw Oux plol nlt'Lhod. firat ldcntl()" llw !l,\·tnnw1rica.l 
1teclioo ho1rndcd by the !}'fflmt•Lry .,dial.tat~ rorm('d by the• horiloril:tl r1111J \'rr\ltal t'f'"ntrr 
line!I. ~d,.ctlng four H•mp.-r:irurt" inrromcnts {N = 4). Lht! flux plo~ cna then b~ 
con~tr11cled. 

From Eq. ·1.~G. tbl:' ahapc rador nr !.lw 
.1yrnmr.lrir.al •~Uotl is 

S0 - ML;:,; - 8L/-1 = 1,r.L. 
+ 

r, 

r, 
M= 

For the Luoo-,lnb "Y••-•m, 11 follow, thnl S ~ 1S0 = 8.01, wl,ich rompares favorably 
Willi the ,hap,-. r11.ctor r<•lti.tian. 



PROBLEM 4.24 

KNOWN: Dimensions and boundary temperature., or a slcl\m pipe embedded in I\ 

concret.e en.sing. 

FIND: Heat loss per unit length. 

SCilEMATIC: 

C On<rele -1--, ,,--t-T, 450K ,,......, 

7i,300K 
D,a-5,,, 

ASSUMPTIONS: {I) St.eady-,tale condiLions. (2) Negllgible ste,un side convection 
resistance, pipe wall resistance and conlncl resistnncc (T 1 = 450K), (3) Constant 
proper Lio,,. 

PROPERTIES: Tobie .4-9. Concrete (300K): k = 1.4 V{ /m·K. 

ANALYSIS: The heal rate cao be expressed as 

q =Skcl.T1_ 2 =Sk{T1-T~) 

From Table 4 I, the •h"pe factor is 

, [ q j 2:rk(T1 -T,) 
q - - = -~---,-

I, ail I.~ w 

q' _ 2,r x 1.1\V /m·K x (4.50-~00)K _ 1122 \V /m . 

lb l.08xl . .&m 
0.5m 

<l 

COMMENTS: Having neglected the ~lf'am side convection rcsislnnce, lhe pipe wall 
rcsinante, and lhe contact resi.,tance, the foregoing result overestimates Lbe actual heat 
loss. 



PROBLEM 4.2S 

KNOWN, Thln-wallod copper lube ~aclll54'd by an t«•olrk cylindric,'11 •hell; 
inLervening spa.~e filled wllh insulation. 

FIND: II••~ loss per uoll length or lube; compare rr.sull wllb Lh•l or a concentric 
~ube--,bell ar;rang~meor.. 

SCOEMATTC, 

I,uulo tJon-......, 
k•OOSW/m K 

L•Z.Omm 

ASSUMPTIONS: (I) St.e~dy-slnlc oondllioo~. (2) Constanl propertJ.,., (3) Thermal 
rcsltlan<eo or copper tube wall ond oulcr •hell wall are ocgHglbl•, ( 1) Two-dlmeMionaJ 
coodudlon in iwndation 

ANALYSIS: The h•at loss per unit length written in term.. of the •hape r>rtor S i, 
q' - k(S/t)(T,-T,) and from Tnble •I . I for this geometry, 

s •-, b ·[0'+<1'-••' l - == .. • I cos -=---::;::-:-'-'-- , t 20d 

Subst.1Luting: numerical value11 all dlmeuion.s in mm, 

~ - 21" /cosb-1 [ 120' +3o'-1(ZO\' I = 2-/cosh-1 (I ,003) - -t.091 , 
t 2xl20s30 

Heoco, the beat J09 i:, 

ci - 0.05 \V /nd<.x1.oo 1(85-35)' C - 12.5 ,v /m 

l! t.hr topper lube were concentric with 
the •hell, but all other coodiliollll W<!re 

lb• same, the heat I..., would be 

, 2r.k(T 1 -•r,) 
q, = &(O,/D,) 

using Eq. 3.27. Substituting DUDll!tic.al 
vaJues, 

q: - 2""'0.0S m~K (85-35) • C/1&( 120/30) 

q~ = 11.3 \V/m. 

D1,30mm-.....,-t--., JJ,,/lfJmm 

T, :85t +::ct li(.li--t T, 35'(' 

-.....L---'"-A,aos~ 

<J 

<J 
COl\.lMENTS: ~ expected, Lho beaL loss with eccenlrk orrongcmcnt it larger Lbao 
lhat. for Lht QQUcentrk a..rrangemeot.. The efTecL oi Lbe ecrt>OLrkit.y is to increase the: 
beaL loss by (12.5-11.3)/11.3,:; 11%, 



PROBLEM 4.26 

KNOWN: Cubical furnace, 350 mm external dimcn,ion,. with 50 mm thick w11lls. 

FIND: 11,e heat loss, q(W). 

SCR E1\,1ATJC: 

Cro$t- sectiontJ / 
v,'ew 

Firt!cley brick 

ASSUl\fPTIONS: ( l) Ste3dv-Mate conditions. (2) •rwo-dlmcns1onnJ conducuon, (3) Constant 
propcn,.:s. 

PROPERTIES: Tuble 1\-3, Fircclny bnck CT= (T1 + T2)/2 = 610K): Jr- I I W/m·K. 

ANALYSIS: Using relations for the sha.pe factor from T.1blc ~.I. 

Plane Walls /61 

Ed11es (/2) 

Corners ( fl) 

S 
_ A _ 112s,.,o.2sm2 _ l .25 

w - L - 0.05m - m 

SE= 0.540= 0.5·1>0.25m = 0. lJm 

Sc= ll.15L = 0. I 5,,0.05m = O.OORm. 

The hcnt rate in 1erm,; of the ~hape foc1or, " 

q = kS(T1-T2l = k(6Sw + l2SE + 8ScJ !T1-T1l 

w 
q = I.I m·K {6xl.25m + I 2x0 lJm • 0.15,0.00&m)(600- 75)°C 

q = 5.30kW 

COfl,fMENTS: 8e sure to nme 1h01 the restriction, for SE and Sc have been rncL 

<] 



"\10\\ ,: D1mcnw ,,a. 1h,11nJJ c,,nU.1.u.:1 1, n; .mJ inner ~un.ii:t: tetn~r~mm! uf furn.11.i: \\ JII .-\1t1hli:nt 
'01.hll 111, 

SCIIL~l \ Ill': 

Brick 
I•= 1 4Whn•/() 

L=035m • 
I 

T = 1100°C ., 
i:t:===-==:°'-:-1... 

1 i 1 
h = 5 IM'm2-K 
T =25"C 

q -
\SSl \JPTIO:\~: I I Stc-mh • .,l.1.11:. C:~• l mlorm c..on\,:c..111111coi.:1111,;1t:n111\cr cnur~ oull:'r ,urt.i.."C ,11 

..: .. 111.11ncr 

T - r 'I • 

1Ah1.•tt.• R _..: 1.ltA,.= ltih\\"1-= 1/(~\V/m Krliimt:Ji:ltllf)SJ\1\\ Fwmf'.q 1-l.Z7J,lh1.'."l,\ o­
J1m .. 11 ,ion.;iJ ..:nnductmn rc,l.,t11n ... c 1, 

I 
R , •.. - -...,, u.. Sk 

v. hi:r" th~ ,lr.1pc f.11.1or S m.U\I mdudl!' th.: 1.'lltd., ,,, .:undu-.·uon thrc,u1,th the s (l•ml!n,. 11 i:Jl!c.i .. md r, 
plant\, I.ls lkm:I.'. :1-.mg 1111.~ rtl11th">n., for C,1..,.e~ '> .uni 1.) of T .. ,hlt' .i I 

,=~rn1~1.,.1~.11i-•111 LI•<>" ,/1 

whcn:A. ~,W•LJ lkn,I." 

S ~ ( ij!0.15 • 0,•5),. ll • 0 ~J(-165) • b(ll C>2l]m 

s • IU J~- lO 1J-12974/m = 160'.?'>m 

_ _JI_I_00-1~1 c_. 8bJl\\ 
I fl lH 1-1-ln • t) 00~ I 1' W < 



PROBLEl\-1 4.28 

K.NO\\-~: Platen hc:uod b~• f1Jsj.11ic or h0t. iluid tn poor thmn.tl cont&\.1 wuh l.:O\ltr pl'1tc.5 
exposed 10 cooler amb1cm nu. 

FIND: (:ti He.it ntc per unu thld,ne~, from each clu.nncl, q:. (b) Surf.tee 1cmpe:raturc- of co,,e:r 
plate- T,. Cc) t.a~ And T, l( lo\,l,,·cr (Urf¥c is ptrfoi.:tly 1nsul;;11cd. rd) £Hect of c-h.:mg.111g ccru.rrltnc 
~ac1nI: un q: and T 1. 

SCII EMAT IC, 

@::::J;~. T, La 
Co.,, pl,,/-,, B 

l'lalP, A + t.,. ef D 0 
Coni«f rt.~tst•nc• 

c ... , pu1 •. s,-@,_,:,\,;,:;,"'~~ "::-;:-_-:-,,_, 1o-.:=JLC:.::->1;.-t::', 

D•l~mm L.=60mrn 
L.-.• \Omm L1 •7.,n1m 
T1 • ISO-C h. • I~ w,m' K 
T _ • i.s-c t\.. • 1(:() W/ffl: I\: 
k~ •20WJmK \.i•7.\W/mK 
Ri-1 = l.O-·l~m1·KJY,J 

ASSL\1PTto , s~ tll Stcad)'•11acc: condmon1. (~) Twn-dlmcns1onal condu~uon in ph.11C11. bu, 
on.e-dlmcn~onJ.I ln co\·rrpl1J1c, 01 Tcmpenuurc flr mtcrfacc'.'i between A i111d B l!\ uniform. 1~) 
Con,lant propcruc~ . 

-\N.\L YStS: htl The h-ea.l rutc per un11 thickne:-.~ from heat 1.:h:mncl c,m be dc1crminc:d from 1he 
toUowinr;: th.enn~ll c:ln:uu ttpre,cntmg the quantr ~lion 11,ho"'·n. 

The \:aluc for the lihape faaor 1, s· • I 06 a, determined (mm tht" nu, pln1 ,hown "" 1hc nc ,1 
p.age: t (em:e, thr hc111 nuc o 

~; ~JfT, -T-VR;., 

R;.,. =[I/I (100 Wim1• K1no lll~m/Ji t 1/20 W/m K, 1.(16 

+ 2.0,10_,m: f:.JIA/(0.0Wm/2)-0.0075m/7$ W/m KI0.06()rnr-l 

,- 1h00 W/m:·K10 ll60rn/2l) 

R;., " 10.0H5 + llf).17 + (I 006?-, 0 (x-n, + O I fo67Jm K/\V 

R i,,1 = 0 309 m !(/\Ii 

q, = JI 150 - 2511(/() 309 m·K/\\": I 62 kW/m <J 

Un The surface tcmper.uurc nf the c~er pl,1tt follow~ :tl\O from the lhc.mwl ttrcuu aJ 

T -T 
q;/J = 1~11 .. ;, (2) 

Conunu<d .. " 



PROBLEM 4.28 (Con1.J 

, 

T, = T - + ~· h.(~./2) = 2s•c.,. 

T, = is•c + 67 6°C =93°c. 

1.62 kW ><{)_ 167 m K/W 
4 

<l 

(c,d) The cffcc1 of the centerline >pacing on q; and T, can be undcr..tood by e,rummng the 
n:lati,e magniludcs or the thennal n:,i,tancc,. The dominant rcststancc " that due 10 the 
ambient air convection process which " inversely n:lntcd 10 the ,pacing L., . Hence, the heat 
nuc will incn:a.,;c nCllrly linearly with a.n tn<Tt:JS<: m L.,, thnt i, from Eq. ( l ), 

, l 
q, - R,.. = 

From Eq (2), find 

C.T=T,-T-=q:h.,(~/2) -q,·L,, 1 -L,,L,; 1 = 1. 

Hence we coneludc that ~T will not incn:asc w11h o change ,n I.., . Does thh seem reasonable' 
What effect doc, the L., s-pacmg ha\'C on /lssumpuon• 12) and ())'/ 

If the lower surface were insula1C<l, 1he hca1 rate would be decreased ncnrly hy hnlf This 
follows ag.un from the fact 1h01 the overall rcs1stnnce is dommo1cd by 1hc surface ~onvccuon 
proce~,. The tempcru1ure difference T, - T. would only ,lightly 1ncrcn\C. 

N ;~, =1==1~=-f----J_~ 
1 

l 

Assume 1/4 l8ne-..:,, 

+ 
S'=S/1 =M/N• 425/4 =1.06 



"'0 \\ ~: I •ng nm"-llffll..in ~ lfC DUU· "dJcJ 111 :I t .. ,~I,.' ctppcr hlo..:l t.•rrnmg .I th,:nno.:t>upll!' JUlt.-.;111·11 
110 th 1rf.1 ul tht.' hl,"-k 

J, ,,n; iU Inc: mc,1<.UfClllC'f11 C'"ITW I r T f for the lh\·rn1t'l.'dt1plr I[ I rrc" nl1'N C(rnJ11t11n, Jnd ,~, 
CCltupulr .1uJ r,l,11 •T • T) far ti• 5, lO ,.mJ l5 W/m 1..:: !Ur bln.;l. thermal 1.u1t1.lu .. 11,11~· 15 ~ ~ '- Joq 
W1m h. \\ h<"n 1 11.1.J\..1nt.1!'1•,,u'\ tu lhe' 11.nulh~r 1.h1.1ml'lcr w11c." 

r .. s: 2S 0c 
h:tow,m2 K 

- The.rrnoc;ouple wire. D • 1 mrn k1 

-7i 

-\SSl ~IPTJO -...~: I I StcJd) \I.tit: i;olr,J1u11n, 121 11\rt"'°"ct.plc \\In! h,.:b..i\~, .11 .. 1 fin \I.Uh, 1n1ttJht 

l'lt:.d rJml ·1 ll:ffi,tcnl I 11 C'"t•rpct tik• .. 1. h.1, umf .. nn lt•f11J"('t;&turr C.hcr1 In ltk- \h.inll~ 1.•I 1ht,; !Ulhllun. 

PROl'I• H. J IH~: f,il-.'1 :I· I Coppa 1rure, Jnfl t,;. •• l, =- .N l \\'itn K ComLJntu.n I l~O K 1. l., ~5 
\\ m k 

\'\,\L \ \IS, Tht.· thcrmo1.t1urlc "'""° l~h.1,ti J'I J lc,nt: lln r-,·muum, hc.11 co tlo" Imm 1he <ut1J~c-
1hcrd,\ ~rnl!.u111!' 1hc 11cn,mg 1un.:11•.>11 «t'm~r.u u,l· he-Im~ th.it 01 the Pll.l\.1.. T In th-e H ..::1, lw.11 no...,, 
1n10 1h~· •."1h:ul.1t reg1l1n ol lh~· \ti1ti!•hl,x·L. mti'rl1h:~. the 111L'mMI ,i:,L\l..lll.:L" 10 ht,u llm1. \loJthm the bl,xl 111 

.1rrn1,1111.ud J.\ .a Jh~ 4•1 J1.JnN:kr I) on.- 1emHnhn1tt mabum, 1 .. T ) TI)c- lhermo"·®rk-hlo..1.. 
cumbm,dmn c,1n be r~p11:\C't1h.'d b~ ,, 1hcrrm1I .,;Uo;Utl a, <ihl1v.n .1bm~ n1e- th,·rtn.11 ~nLm..:t l'!t lh-.• hn 
h1ll0\\, 1,mu thl." h.: .• 11 r,llt: e,~•rc••-'11:trt IN .an mirnth: lrn. R, • - 1 hP._ A I r1 

l rom Tahk .J I the ,h.ape t.k:tot tor Utt 1f1,l..•t•l1•.1-st•m1 1nt11111e 1111.·t.hu111 h, }:l\cn .t·l S = :ll ,md h1•11,t 
Rr4. .. ~ I il...,."i, =- 11.!ai.,.O Frum the th~·rm.al cm,uu. 

r r~ R 11. r )· l.!7 ll25 ~~l"C'•01IOJ{l;5 :5)'(: Ill C < 
Rt,,. • k,,.._, • 117J • 117 

\\ Uh I': :II _.nJ \ • rc[i/-1 .1mt 1l1t: 1114.•m,JI rt'!ohl.J.M~\ .1, 

' R • - !10\\'/m l\.f-:r.:\;~\\/ttl I\. (I- IO 't:n)) l~il~ W 

H.1_• =flJ:!)•Nl\\im K-1o·'m!i!l.:·a~·W 

tb1 \\'t l t)rJ 1hc- ,.1hl_,.,,. cqui1111·n\ mt.I lhe JHT \loorl-.,pucc. rcrfr.nncd :J ti\\..:,\'r on k.. 1,1r ~k•i.tcJ \llluc, 
t.11 h .i.nJ 1.h-,.tcJ lh~ r l,,1 !ohown \Vhcu tl1~ t,Jr .. :l 1htmwl 1.:,Hn!U\'.ll\11} L" l!,w, tbc- nr.,r 1T . T,l t, l.u-µcr 
1n.:rc.1l1DJ: \I 1lh m..:1e:J~111r (011\l'CIWn coctn..:1c111 A 11nalkt d1.imch:r "'uc "'111 N :.1J1o,un.1gn,,t-. liir l1·v. 
\·.aluc~ c,f I.~ ind htJh¢r \,dUc:.l ol h 

' ~ 

• t I 
~ , 

i 
~ • ' 

~~~:~ 
1 I 

I ~~ 

• • - .. --·,·---~·-••1 

- ... a~•i· -- ......... - .. , .. ...,., -
-- ...... - ..... o -



PROIILE:11 -1-10 

f\ \"O\\ 'I: 01ml!n,10n,. !-hiipc 1.11.:mr, ;.mJ lhcnn:1I conJu,u, n~· ot !'>(IUaR: ruJ "!lb Jn11cJ mtcmtr h11l~• 
lntt.:Olir o1.nJ i:,h!um·com.ci,;lmo 1.:lmJ11mn"· 

f,·1,u: U'".1t r.u~ J11J ~urfa,r: temptrJlures. 

Slllt'1 \TIC:: 
_S • 8 59 m. k• 150Wlm•K 

A,t_J 
h2 • 4 W·m2 •K 

r._2 "2s•c 

-~ 
h1 .a SOW1m2 ·K __,, 

[ 

r. 1 • 100 •c - '-''--'--'---'-----' _.. 

q 

R,,,.,.. 110 J 

\SSL' tP110'\S: I '' S11.·,LJ) .. ,1n,~. I\\ i"'"Jm1en .. ,1.\n,JJ c11nJm.:t1r1n .• ~I C.on.\t.Ult rr• 'rl!r'llC''t, t 1, t • 111torm 

ltn (; ·th,n ndfo;1i:n1,. ,11 mnl!t Jnd r-uu·r !.UrLu:~"'-

whr:re 

I krn:c. 

T. 1 -T._: 

T; T~, 11R,_, - ,mrr- -1,.-, - :s.i·c­

r, ~ r , 11R_,~.".~·c-,22b·c~2s1·c 

l 0,1 \lf... \ rs: Th, l,11,g,<~1 rt,1'>IJn,c 1 .. .1.-.. .. fx:1a1ied , .. uh con,.cctmn ,11 thi: n1m:r ~urlJl.'.c, ~mJ th~ 

< 

< 
< 

1.:uru.Ju1..t11.in h:.w,t.an,c 1., mu~h 'Int.a.lier th.in boch tc>n\C..:11011 rc,l~tlni.:L", flt:ncc. tT:. ·1 . .:J > ( T . 1 • T , 
:»:• 1T1 1.:.J 



PROUI.F:M ~.JI 

h.'O\\ 'l Lung hn oJ .llununum JIJo~ \ltlh ptt:'14:nhed ct1h\'t'Lllon ..:odtii:rc-nt ,m.achrJ ro J11h:r1.'.1il h.J,C' 
m.ucnah (.itlu1nun11n ,llhJ} .:-,, ,1...,mle\, "-h.•.:l) Y.lth .ind w1thou1 lhcm~l .:nntilo:I rt\1,t.anrc R~·, .ii rh~ 
1un..-11un 

I· J~O t 11 Hi!'jl r.JJL· q, J.nd JUrt1.twn 1cmptr.11ur1.• T tor hJ-< mJt~nal:,- o( i.1lum1n1Jm 11.nd 1,1,unlt.•;s .1-tccl, 
• h, kl'f"IC.ll C.~lkUl.111PR\ ci •muknna 1hc-rmJl com.1 .. 1 rc..,Mani..r. K:' unJ l..:.J Plut .u a fu.nd1, ," 1 d h 1~,r rhi: 

r1mi:c II.I~ Ii< IOuo \\"/in~ K f11r t",ith t,.,,~ mJlen.1~ 

SC'll[~I \Ire 

Ba•• matenal, T0 • 100 oC 

~ R"tje J x 10-5 mi K/W, 
Part tbl 

D=mm 
T0 T r;_ ~- la) 

Ro R, q, 

Tb Tl 

Ro R,J RI 

\",Sl ,tP'f10'"- 1, S1c:.1J}-\fJlt:C't'OdU11,m, ,11 C,1n,1.m1 rrurcru~. l)J l.nrin1h: fm 

l'KOPFRTU~ U1,c11~ Ahumnum .1Ho). Ir.• 1..in \V/111 K. Stii1nli,:,!\ '-'<"C'l, J.. • I~ Wlm K 

.\' \L \ SIS Lhi From the 1hcmwl l'm:u1L.,, 1hc hc.n r:tlt' anJ JUncUon h~m~rulure u1eo 

r - T_ T, T. 
~~ = -::--c,--'---,-,­
k.,m R11,rR.,-..R. 

T,:iT •'-1,R, 

anJ ¥. nh Pa !tO .md .-\ s r:01/J, lr11m T.11:tl~i .: I JnJ l.-l frnJ 

R, li~k,=1/1~1>,,)cl!•UOIJ~m•~ f' 
R - R7 /A : ,,., 11r'm' i.: w/nior,r~m1 J ~ I 51~K,II\' 

R lhl'b\ l "=[5111\ 111 K,'10,IMJ~m1'2JQ\\' m i-:/Jr: ~1h JK/II 

Without 1':~
1 \\'uh R" 

H.t\C' R, 1K'\\') G1 I""\ T. C"C'J q,c\\'1 

Al .Jllo\ I) J 17 ~ J6 QR~ 4 {)') 
\t. )It'd •b67 1 Zit 71}_-l 3 U5 

r.. 
lb) -qi 

I I I 

l,( c, 
92.1 
7~ I 

fC' "C' UM!ll 1h.: /Ht \foJ,./ ror /t11,ndrd Surl1JCt'f, Pt·rformuth'I' Cult11!.Jlm1u. Rn tw,,:,d,.u- I'm 1'111 tu 

okul11h:· "'11 ror In S: h -s; I 00 '-' ·, 111 • K b~ rl"plJ'-u1~ R: 1 thermJI r e\l \t.an.:c: ,al tin h.i..,e, h;. the ,1un C\I I h~ 
C'OntJI.I .tllJ \rr...-JJ1nt,? tt\l\l.an,cs. R~· 

1 
+ ,~; 



PRCllll.EM 4.31 tCon1.l 

I 

1 ' • t ~ k ! t • ♦ ~ 

~ 

I • • 
• I I .. 

• • ~ 

• + ~ 
; • I + • 

• .. .. .. .. "' 
C;;,~ISilllklll'II ~ <W""'I• 

_"_ .......... ·-•'-'!' 
- .,,. ........ ~- u-........ .--

CO!\IME:\TS: , I I From pJrt 1~1. rh< alununum ~llo> b,1,c m,11cn,1I h;i, no~h~1ble olfc.r ,,n lho 1,n h,:11 
r.u~ JnJ J.c.•rire:,,,t<·, thi: b.1-.~ ,~mri:ratur~ by onl) .!(,C Th~ ell~ct of tht ,1a1111~ .... '>k~I ha..,~ m:11.cr11.1I ,, 
,ub,tunu.1I. n:Ju,mg thi.: hc;.11 r..1tc b~ 27'r anJ d1.:prc,,1ng the Jlllli,;(Hm h:mpcr,1lun: h} ~5 C 

( ~) The ~olllJ..:t re ... 1,tancc: rl!du~c, th.: heat r.i1e ~nJ 1n~re!a,e~ 1hc: ~mrer.a1urc J~pt1:s!\1un relJ11,cl~ m, ,re 
wuh the .1.lummum alloy b:nc: 

ill !·mm •h• rlor ol q, " · h. nore 1h01 a1 lo" <Jiu<> nl h. 1he heo1 n11es are nenrl> 1he ,.,.,,. lor bo1h 
matcn..i.b 4.lnCI! lhc hn i, the JummJJ1C TC!ll l .. tuncc: A., h m1.:-n.:~c1o.. 1hc elft:~l of R; he..::omc, m1.m: 
1mpnnJm 



~ \0\\ \: 1...:loo 1.0lhtnJ..:tcJ 111 hcmt~phcn .. 'llh.epc \IIS ,111 1cc c . .1r, itloo \\J.II ilu ... lnt~, .111J 
m,hJe/01.11 ,.,J.: u,n 1t~c11,,11 1.·••d••1,;1cn1-. , hr: h., 1 Jt<:: rr.:,~ 11hc-J 

Fl, I ); • .11 lnt 1J~ JU tcn1p<r.11urc I • \\ hc:'11 t•ul ,•Jc- J1r kmp1.•r .ah11 "• 1, T.. • .tl) (' o1u1m1111i o.;i;up.1111, 

rrg, 1J1,.• 1 :'fJ \Ii "'11h111 1gk10. th I P,·1 n,rm p.tralllC'ttr ~mtl 1 \ 11 \ .trul) 11\ ta \k1c,111111c •.~ hK h \·.111Jhl1,;, hJ, .• 
11~nii,.:.u11 clfr..:t Lin I 

r,=-18m 
q 

r,,-=23f'T'I T , 
4 3 2 i;_. -· R R,..,, 

R 
R- ,;,·a 

• 
• 

, .. , 
5 r 

h' .. ,,'6 w1m7 ,,J E c-)20W R,.. ' 

• 8 T 
C 

\~~l \lf"TIU'.:,; fl I \1e.i,.l\.,,l-1h: cnndn1c11t, t.! l .._ ti\ c,t1tJn .:orUtuc111 h ·he 'Wmc _,11 tk·n m,j 

• .-,h,ll· • •I 1r o • 1 ·, An111 and ~edmr .,r~ 11 unir't·rm 11:mpt'r.Uure , -l ~ Ttoo,-,~..- ,· 1p rc~mltl!i!" J:. ~ rn 
-,·1111 1nf,rH1 • rnn.Jium, ~, n11C<1hmen .. 1l1n11I .:~~n.J.u...i1on throuih 1..:h"-1 11..ill,:. 

PROPER'I JtS: i •• 11nJ cor1J1.-.ati.oJ Hlll\t, ''"'.'' l; 11 14' \\ ,m I\ 

\ \. \ l. \ "'ilS: , 11 I h,· thermal ..:-att..utt r~rrc-1c.· 111111 g Ill.:- 11('.-t 1,,<1., ff\1111 ,~ •~loo 1.:, 1hi.• nu1:.1.J,:- .u, 11ul 
thw11gh ih~ 11,JN kt lht' t((' ~-•P It 1ohu\~ II .1bt1,·c n, ... he:11 ti. ... , I'\ 

1., . r 

• 
111)081'-lh.'\\ 

• • . . 
(Hl•J:!01 K \\" 

-. h.tr.,, I 

T. - I IC < 

l~111m11i:J 

' 



PROBLEM 4.32 !Cont.I 

,tn Bctin 1hc parJm\!ter !tt.'11Ml1\'II'." JR.LI) \t!'l tn Ji:1crminc unpl1rrunt vunJhk~ Y.h1..:h I\J\~ J ,:.1gnt11'"1u11 
111tlul·n..: .... ,111 lh!.! tn!li1Je air 10:rnflt!rJtur«: b} t~anunmg 1hr: 1h~ffllJ.I rc,1,11.uu·el- 1.1'\\o~t..th:J "11h the 
p1(1,"'c,,c'IIII flC'c.nt in 1ht ~Y"''l"l1l .1nJ ~rre-.ent.:J h) tile n~tworh. 

Pr1x:e..s S,ntbol, \°JIU< 1 Jv\\') 
ConH1..t1on. ou1,u.Jc R,,..., R~I fJ 0020 
Com.11.u:t1un. \\,ill R .,11 K.31 0 1281 
C,,n\t!,tu1n. tc1llng R,, R41 II 111lg2 
Con\.:c.rnm. lloor k"' I R<4 OOlh-1 
Comiu-.: ll~•n, ILC i:..1r R . ., R65 o.~259 

It 111ll1:w.~ th.JI 1hL' ..:11n\'ci;1hm reii.1,r.1n..:1."!li ;u( Rt'~h~bh.• rdat1\"e 10 the <:onJul.'.Htin rc\1,11.1111,;c- Jt"ni.!fl"\ 1ht.: 

1):!.luo \\,Ill A, ,u1.'h, l,nl) ,ho.ng..:-~ to lhe v.,1111h1d,ne-., will h;1\·c .m upprcctabl~ ~llc,r tin 1hi: m,u.k .ur 
h.~IHpt't,Hun: 1d,111-.·~ Jo 1he ,JutsaJ~ :1mb1cn1 uir ,,mdtuon .. \\'t' J11o·L w~n, tu ma.kc Ch( 1gl1H.l ,,.tll\ chmni:r 
.md lhcn:b)' .11111\\ 1ht: u11 h.'mr.:r.ihm: 1n ,hr h<lo\\ lrcc,m~ lc..1r the rrc ... L"nhot!d ·:II\ 1w111111:111.tl ct1nJnmn~ 

Clitnl! the 11/f li1i rmal R,·u.,1,11111• .Vt•nn,rJ.. ,\111J,,J. \Ii~ U'rC:r.l the' 1;.1r..:u1t hullJcr ht i.:nriqru~ I lh1: ntl\\Orl 

• .mJ rerlorm th1.• t•n~rg~ t:ial.m,c, to ,,htJtU the ,n .. 11..lt.: ,11r 1cm~r,Huh.· ,h .i lun,11t,n f'i chc ,iuou.J~ 
lOn\c(ll,1111,;1.X•llh.:1t"nl f"r sdr~h:J lnt-fCil¾'<l th1t.:knc:\'>ei nl the "-'11 -

" 
" ' . 

I 
,, 
,. 

• I 
I - - . 

; 
' + . • 
• • "' ., ., ., too 

-- 1\/11lhll'fflt tf0.1tt•!l-'11t -~, ... ,, .. 
--6- (•"I • I O"' 

co,L\lli.'.\TS: 11, Frnm thi: plol. \h' ..:Jn ;.:e 1ltJt the mllui:n1.:c: nl thi: ouhtd\.· air ,~lni,;11\ ,, hh:h 
cPn1rnl, lht" ,,uh1dc: i:.-1n'-'ellwn ..:ocffo:1cnl h. I\ ncgh}!1blc. • 

1 ~, Th.: thh.:kn~ss ul the: tgl.",n \\ ,1II 1s lhc JL1mm,rn1 thennaf rc,u.t;mi:1.· 1..:untwlhng 1hc: inudc .sit 
,~mrcr.uuri: 



l'HOBLEM ·t.33 

KNOWN: Diamdi:r aud m:u;imum allownbl~ trmp~rnLute or 40 clt·clronic compuneoL 
Contact :e,lst:tocl' lJl·tw1·"a <ompone1H. nnJ large a.lumiaurn b.t•ot. 1irik. Tti1npe:rattira of 
b1:.:ll .>it1-k and COfl\'ttliaa condition• AL c\poi.etf <'Olnpontat !jurface. 

FIND: (Ill Tberm:1.l circuit~ (b) .!\tu.iruum oprr:iLing rmwn or COIDftOllCDt. 

SCHE/\1A TIC: 

k-.D,O.Olm ~ 

ASSln.lPTJONS: ( 1) Stc:idy,state ron,litinn,, (2) Constoul prup,•rtil'5, {3) NtKliglble 
h.-aL INS!i from ilidt-.;; ur chip. 

Al"AL YSIS: (:i) The thern,:11 ,;rrull !.: 

(b) Pl!rforl'Tii11g :u: t'ltt:rgy bal:u:.n rnr a cnnlrnl 1urf:1.('c n.Lu11L the l.'ornponc Dlt 

T.,- T r- .. - q-• -hl•I> ' 11tT -Tl- - -.,...:-~ 
"''"' ,_. • l(':,/(-D·/1) ... 11:JDk 

<J 

CO~:IM"ENTS: The! eonn•dion rinibt.s..nee d mud1 l:i..rg:~r th:m I br ruruulative contncl 
and couduct.ion resistance:. Hrnc:e, ,·lrtunll:, :lll ur Llu: ltr:it Jlssip:itc·d iu lhe compunc.nt 
is lr:rn~rerred through thl• bJock Tbto two-diuwosionn.l rondurLiott r~1tlsto.nte is 
signUica.ntly under"'"''nmted hy \J!H~· of thu 111:tpl' foc~or S - 2D lfooce, thl' mnximum 
:.llowablo powrr L, loss th•n &s.6 \\'. 



l'KOIII l:\14..J.l 

K1'0\\' J Ji,c-~hJrcJ ,1..-~tf\..'hl.:' JI!\ 11,;t..'\ ~h11\1r.Um}; I no \\' m,mmeJ '° .,tununum Jlhl} ~f,!(·i,. "llh 
rr~ ~nh~ '"on1.1.:l h:,"wo,t 

Fl\il): 1., I T1.·mrcr,1111,~ dt•\.icC ",II ht,1i.:h "hen blix:l ,s ttl 27 'C Js.,umm!Z .tU lh~ rci\A.er g\."flt"r,tlcd b~ lh\.-­
jcu,c 111. lr.tn,ttrn-J t,~· t.Pntlu..:lh•n Ill thi.:- hlncl .mJ (bl For 1hc- l1~t.uin1; h:mf'·r.11ur1,.• h.iunJ 111 ran 1 . .11. 

the J'!(fffll• .11,,, \ -:ralmc fX)\Hf \\Ith J lO.pm ltll hi:-.11 !ltn"-. 

~lllfc\l\TIC 

R",c = ~ X 10·5 m2 KIW 
r, - Electronic devoee 

D: 20mm. q: 100W 

[8) 

\."iSl \ 1PTIO\<S: t It T ""••hlll(lhll'"·•I. •ti...,d~ U.th." 1.1 ,nJu ... 111111, 1 :?, Dc·H,:c ,, JI unit"' m 1cmpcr .uure 
T, .i Bl ~ bthJ• .. c\ a .. !iemHnh111tc: medium 

PKOl'LK 111 'i: T,1hl,· I I. ,\lununum •II") ~l!,I /JOO Ki: l = 177 \\ /m I: 

\'AL \'SIS: 1 J) Theo 1hrrm.al .,.-1rrn11 tt,r 1hc ..:orn.lu~u,1n heal llo" hct\\CCO the Je\it:l" i.inJ 1h..: hlo-:~ 
... t,oy.n ,ri 1h, .1\',1\~ ~hcm.uu: \\ht·rC' R.. 1\ the- thtnmtl con111c1 re .. 1,lllrn.:t Jui:- h1 the: cr()~\•CllltJ 
1n1<!r1.11._, 

K, R~ ,,\ R~ /(nD 1 J) 

R, -,,.Jq 
1

K m "/fn100~0n11') Ji::IJl~1)1'f\\ 

The: lhtrrn.t.1 r~t.,LJ.nc~ bell:loct..•n 1hc J..:\t1:I! umJ lhe tilod. 1~ ~11,c:n m tcnn'i l•I the c;m11Ju1.uC1n t-hJpc i.1.:h-'l, 
T,,hl< 1 I .t, 

fl, -1/S~ = 1/(2DL) 

R,=1/(1s0.011Jrnxl,7W m "-l=lllJIK/W 

r = r, +y,IR, • R,l 

T •'2.7 C'• I00\\'011 -41 -dll~1))Kt\\' 

< 
h1 Jhc ~ht:llialh. ~111" '-hO\P• lht.! ~Jt'.''wl.::~ \\ 11h lhi: 3tl-pm hn hr:;u .:,.inL with fin, .mJ b., ... t" m.1Lt11J.l ,,r 

(l)rJ'C'f I I., : .mo \\·Im I\ I, ll~L· ,Hr,1tc-~m lc:mri:r.iturr IS~,..(' omd lht' ("110\'l'dlt'n CL1C'lfo.:lt!nl I\ JI l(KJ 

\\'/m K 

Co111mucd 



PROBLEM 5.1 

KNOWN: Electrical beater attached t.o backside or plate while l'ront surface is 
aposcd t.o convection process {T00 ,h); lnlti&lly plate ia at a uniform tcmperat11re or the 
ambient air and suddenly beater power is ewllchcd on providing a constant q;. 

FIND, (a) Sic.etch lemperalnre distribution, T(x,t), (b) Sketeb lbe heal Hux at lbe 
outer surface, q;(L,l) as a runclion of time. 

SCHEMATIC: 

T. 
Plat,:, T(,,t) 

iii@) 
Tr<,tJ 

L 

ASSUMPTIONS: (I) Ooe-dimensional conduction, (2) CoMtant properties, (3) 
Negligible beat IOflS from healer through insulaL\on. 

ANALYSIS: (a) The temperature distributions for four time condillooa including the 
initial dlslribulion, T(x,O), &0d the steady-state distribution, T(x,oo), are as shown 
above:. 

Note that the tem;erature gradieol al x=O, -dT /dx), -o, for t>O will be a constant 
•Ince the flux, q,.(0), is a conat.anL Noting that T0 = T(O,oo), the steady-state 
temperature distribulion will be linear such lhal 

, T0 -T(L,oo) 
Qo - k L - hjT(L,oo)-Tool . 

(b) The heat Oux at the rronl surface, x=L, will be given by 'b (L, t) - -k (dT/dx),-L· 
From the temperature distribution, we can construct the heal Bux-time plot. 

q; -------------------

'l; (L.t} 

0 r,...,, t 

COMMENTS: Al early Limes, lhe temperature and heat Dux at x=L will not chaJ1ge 
from their initial values. Hence, we show & aero slope for 'b(L, t) at early limes. 
Eventually, the value or q;(L,t) will reach the steady-state value which is q;. 



PROBLE~f 5.2 

KNOWNt Plane WAIi wbc,t,P loner ,urCa.ce lit imuh,1cd 11.nd outf'r surfac.t- lw tlftO!\Cd t.o 
an airstream a.LT_...,. Initially, th, wall la at l upiform lempc:raturc e-qu•I to th~t of th, 
air:,t.rr.m. Suddeoly. A rad.la.at .ource i.s switched on applylog a unlronn Oux, fl,u t.o t.hc 
out.er su.r!a.ce, 

FIND: (a) Skettb temperature distributlon on ·r-x coord\natet for inllh11, &te:idy-,to.U!, 
• a.ad two intermediate Ume1, (b) Sk-etcb beat Rux :i.l Lht! out.er surfnc~. q.,(L, q, M A. 

function or t1me. 

SCIJE"MA TIC: 

ASSUMPTIONS: {I) Ool'-<limcoolonnl coodu,Lion, (2) Can•taol praj'>or<irs, {J) No 
inr.eraal gcacruioo, E,-0, {·I) Surfacr al •=0 i• pcrr«Uy i,uul•t•d. (5) ,\IJ lnrldcat 
rndia.ot. power ia abtorbNI, nef('li,:lble radiation extba.ngr "·itb .surroundiag.s. 

ANAL YSJSt (a) The t.cmperat.ur~ disLribut ion, are shbwn on Llui T-x coo rd In Mes .uid 
labeled accordln1tly. No~ lh~e 11µt'ci:1I reat.ure1; 1 Cradir,nL at 'Y=O l!i :lhi.·a.>·s zt•ra, I~ 
gradi~nl i~ more steep Jlt, ca.rl)· times :md (}) ror 1tc.n.d)·-,bte eondiliom,, the rnd1:inl llu:x 
it ~Un.I Lo the convective hral flux; ti.his rollows rrom ao energy balanct: on the cs AL 
x=L, 

(b) Tb, heal Dux al the outer surf:u:e, q:{L,L), :i.s a runction or time, appe.L.111 a., 1hown 
b•low, 

COMMENTS: The !tkctch must reflect lh• inllhll and bouodlU")' cunJition" 

T(x,O) • T :o0 uojrorm i.nitilll lrmpeuture. 

ifT 
-k llic 1,..., = o iru1ultu.ed .1.L x=O. 

-k ~1 '••L - hjT(L,L)-T.,I - q~ ,urrac:.t- cnrri;y balan.:c at x=L, 



PROBLEM 5.3 

KNOWN, Mierow••• and radiant b .. Ung conditions Cot• slab or beer. 

FIND, Sketch tcmperalure dialrlbutiona alapeclfic Umea during hoaUng and coolinc. 

SCHEMATIC, 

;:--51,1, ol lw.r of lli,cknu, .ZL 
w1t1, mitr•weve {un,'form 
mt~rnal} htatmg or ,..,,.,,,, 
(u·,uform •u.rfoctJ ht11fm9 

ASSUMPTIONS, (1) One-<!imensioru,J conduction In "• (2) UniCorm inlcrul heal 
generation Cor microwave, (3) UDlform surfaee beating Cot ra.dlaot oven, (4) Heat IOM 
from surface or m ... t lo aurroundinga la negliclble during tho heating proc-, (5) 
$ymmett7 aboul mldplane. 

ANALYSIS, 

T('C) R,<1,ont T{"C) 
MJ~rowar;, J(J() '• I/JO lz 

'• 
,. 

50 so ,, 
-L 

,. 
•L •L 0 J( 0 

COMMENTS: (1) With uniform generation and necliclble surraee heal I=, lbe 
t.emperature distribution remai:rul n.e.arly uniform during ms"crowaut /1tal1ng. During the 
subsequent surrace eoollng, lhe mulmum tempen.ture la al the mldplane. 

(2) The interior or lhe meat i, heated by conduction Crom the bolter surrae.,. during 
radiant healing, and the lowest temperature l• al the midplane. The situation ls 
reversed shortly art.er cooling begins, and the muimum temperature is at the mldplane. 



PROBI.E \1 5. 1 

K.NO\\ ~, Pla.t◄• initi1dly at uniform '"'mprrnL1uc T1 ls :;uddcn!y aubjf•ct•·d to 
c:cmnrt , pr04:r,.; IT x, h) nn tmth 11ud:u:u. Aftrl' clnpS<'d 1imc t 1 pla.L:.• ,s lntulait'rl on 
11ui It ,\\lr(:i.eca. 

FrND1 {:1} A.J.~u111111i,; Oi IP 1, :sketch ao T - ,c coorJin~tM: i11iti:i 1 stc•?u!y.slntcr (l-x,}, 
Tf~.t,d 11nti lt•mprrntt.art- dlJtrlbuclor.:a rn, two l1Jtf!rmc,.J'J:ttt •.nnc, l• < I < -.:, (b) 
Skt-tcb nn 'I" - l 1'.'QUrdinald, mlcJ1•l:me and 1u.r(ac<.- himpl'r-a.turn dllilri:L1t1inn~. Ir) 
Rt'peat. parts (a] and (b) a.tt1umlng Ui -i l, ll.nd (d) E.xpres~lou for T('.\, xi - ·r, ih Lt·rms 
n( rb.t .. p~rurul:lf'U (M,r:p], tbnmal c.ondhion,- (T,. 1' ,..➔• !J), •ur(lll'1J INnpnaLurc J'(l.11.) 
a11J Lt•:i.1 in& I imc to 

SCUEMATIC1 
[ i .. r--s~rl,1c, ilr'H) A, 

(both F,cn 
T.m~. t Proc~ss @, I M••• M t•O Undorlf1 7; 

' T(x,o), T, 0-t. He•l ,n9,(,;,,.h) I 
~>'to Lra5uf11fed ·L '~, L <:%}) 

ASSU\1PT10NS: {l} Onr-cJim,·n,iona..1 eonduetion1 12) l'nn:r.h.nt prop1•rtie11, (:i) \'o 
internal t:.•'nl'ratlon, (1) Pin.tr- ii prrft:c·tly in,ula.h.-d. (or t > t

0
, (6\ T(U, l < I..,)< T ::..• 

ANALYSIS: (:1,bJ \\'i.lh lh I , .:ippttciolblt· ltc111pt•t11L11r" gr:idt1fnU •·X-1!1! in th,· i•l-'LU 
follr.iwini: c.Xpa 1•.rt .c, t l~ he:tting, prorl•:t.S. 

17,t) T(,.t) 
r.. 

Tf•.t.l~ T(L,1-) 

r, . ·'.<,!) 
Tf•.~<l> r. --.. ' 

T; T(, ,O) 'J.1 
T(O,t} 

0 L X 0 

On T • co,:1rJinat.t1: ll) inithil, uniform ll'mp,•r:a.turc, (2) ~trJ11i)•11:ttt- (OllditioM \\ lirn 
t - x. (31 di,tribution at 10 ju!'lt bdorc platt- is co,·cr~d with ia.1,lo.Uon, (-1) gradlf'n\l 
arc a.lw.1y1 uro t,,·mrnr.try), and (5) when t > le (d1L11:liN.1 UnetJ gr:1..--llt·utit ar..- tcro 
(ln•ul.i,d) 

(~) lf Bi « I. rl.ate hcha"e11 1,p.Mt--v.-ir..• l"Othcrtt.u,J, lttnc:t·, uu !-;~adlcnt!.. Ou T-r 

coorJbD.tes, th•! tcmpcr:u1Jn· dbi1rih11Lioa..• ue Bat: Q11 T•L ('oord:ttatf'5, TfL,t) - TIO,i). 

(d) Th,:, C'OD~(,\.''.l.t)ou nf ,,n,,q;y rrrtulr,·m1•t1I for ttm interval of tim,· j,l 
~ntlrn pl.it(' i!I 

nollng that R,. t, LlrnL due to the conv~lion h!!nlinc prtlorl'SS nvrr th,• )lrrirnl of timt: t 
- 0 - t11• \Viti! knrwl"die o( TfL,q, thi, rxpr~ion crrn then b1• inte~rntNi and a 
1i ~h1, for TI dl:.termiHl.-tl 



PROBLEM 5.5 

KNOWN: Dia.metl!r &0d inilial t.emperalure of steel balls cooling in a.ir. 

FIND, Time required t.o cool t.o a prescribed t.emperature. 

SCHEMA.TIC: 

~ 
T,,.. 32!iK 
h=Z.OW/m'•K iii 

Steel, T; •IJSOK 
k•fOW/m·K 
p= 780o~'ll"'' 
c = 600 J/1:g·K 

ASSUMPTIONS: (1) Negligible radiation elfecls, (2) Conslant properties. 

ANAL YSlS: Applying Eq. 5.10 to a •pbere (Le = r0 /3), 

Bi _ hLe = b(r./3) = 20 W m2·K 0.002m) _ O.OOl . 
le le 40 W m·K 

Hence lhe tl!mperature of tbe st.eel remains approximately uniform during the cooling 
process, and the lumped capacitance method may be used. From Eqs. S.◄ and 5.5, 

t = pVcp In T;-T .. = e{,rD3 /6)c In T1-T.,. 
hA., T-T.. b,rD2 T-T00 

l _ 78001cg/m3(0.012m)600Jjkg·K In 1150-325 
Sx20 W /m'·K 400-325 

t - 1122 s - 0.312h <l 
COMMENTS: Due t.o the large value of Ti, radiation effects are likely to be 
1ignlfie&0t during the early portion or the transient. The elfe<:t ls t.o abortl!o the cooling 
time. 



PROilLEt,,I 5.0 

KNOWN: The tcmpa.rru.ur~Limc hh.1.0ry or a. purl! cop_pr-r sphere iu a.n air sue.am. 

FCND: The heat lra.n.sfcr coelnrirnl. btt.wttm \ht: ,pJ1err :t.nd lht' IUr -slrcarn. 

SCIJEMATIC: 

T.. ,2.7'C --~ --~ -
T(0),6""C 
T/69,J ,ss·c 

ASSUMPTIONS: (1) Teinp<raLuro or sphere Is splltially uniform, (2) Nrgligiblt 
radiation cxchaoF, (3) Constant propertleJ. 

PROPERTIES, Table ,\•J, Pure copper (333K): 1• = ~033 kg/in3• <p - 360 J/k,:·K, 
k - 308 \V /m·K. 

ANALYSIS: The tim .. lfmperaluro lii>lory i• Ri•eo by Eq. 5.G wl1b Eq. 5.7 

!l.!:J. - exp I l ) whore R, - _I__ A. = ;,D' 
P, • R,C, hA, 

ll=T-T<. 

Rccognh:c. that when t = GG.s. 

t11) _ (56-27)"C -0.7JS-exp(-..!:..)= .. xp(-6o,J 
01 /66-27)" C r, r, 

and .noting that.. Tt = RlC\ find 

r1 -- 208s. 

Hence, 

h __ P_V_<'-p _ 8033 kg/m3 f;iiJ.01273 in1 /0) 380J/kg·K 
A_r, ir0.0127'm' x 208, 

h - 35.3 \V /m1·K. 

CO't-0.fENT S: ~.i.e that with I., = o./a. 

·DJ 
\
. .. ,,__ 

8 

Bl = ; • 35.3 \V /in' K > o,o:27 m/308 IV /m·K = 1.88<10 ., . 

Hence Ri < 0.1 and tho spotially isothermal assumption Is rCMan•ble. 

<] 



PROBLEM 5.7 

KNOWN, Solid ol.e,,J sphere (AISJ 1010), coded with dielectric layer of pr..,ribed 
t.bidn, ... and lhermal cooducUvily. Coaled sphere, inlli&lly al uniform tempen.ture, la 
auddenly quenched in an oil balb. 

FIND, Tune required for sphere to reach l ◄O • C. 

SCBEMATIC1 

Sp~oro, D, 300 ... 

AISI JOJO .$feel, 
r,. T(o),soo·c 

- '""~ 

ii ~ T,,,:JOO C 
+ 

1, • 3300 W/m• K. 

-1),elcctr,c 
layer 
k • O.<HW/,,,·K 

-I }o-.1,2..,,,, 

PROPERTIES, Ta61< ,t.J, AJSI 1010 St..,I (T - (500+1◄0) • C/2 = 320 • C""l!OOK): 
p - 7832 kg/m•, c = 559 Jfk1·K, k - -13.8 W /m·K. 

ASSUMPTIONS, (1) Steel sphere Is 1pace-wl.1e laolbermal, (2) Oieloctrlc layor bu 
oegliglblo t.bermal capacitance compared t.o sf.eel sphere, (3) Layer b I.bin compared to 
radius or sphere, (◄) Const&nl properties. 

ANALYSIS, The tbermlll re,lslance t.o heal transfer from I.be sphere is due to \he 
dicJectric lay'-r and the convection coefficient.. That. is, 

R• l I 0.002m 1 ( } m1·K 
• -k + -h - 0 w;, K + , , - o.oso~.0003 - o.oso3 w , .O◄ m· 3300 W1m ·K 

or in terms or an over!lU coellleient, U - I/R
0 

• 19.88 W /m'·K. The clrective Biol 
number ls 

. UL, U(,./3) 10.88 W /m'·Kx(0.300 /6)m 8
'- - k = k = ◄8.8 \V /m·K - 0•0204 

where lbe charac,erirtic leogt.b Is L. - r0 /3 for the sphere. Since BI. < 0.1, the lumped 
capacitance approach Is applicable. lleace, Eq. S.5 is approprlat.e with b replaced by U, 

pc ( v ) 91 P< [ v ] T(o)-T .. 
I - U A. lo T,; • U ~ la T(t)-Too • 

Subslltuting numerlclll vlllues wi1h (V/A.J • ro/3 - D/s, 

1 _ 7832 kg/m3><S59 J /l<rK [ 0.300m J la (S00-100)" C 
19.88 W /m2·K 6 (140-100)' C 

I • 25, 358s • 7 .O◄h. <I 
COMMENTS: (1) Not.e from clllculatloo or R' t.hat I.be ttiliLance or I.be dielectrlc 
layer dominates !lDd therefore neo.rly all lhe temperature drop occurs acrou the layer. 

(2) An •lternative method or aolulion would be t.o use lhe Heisler chart with 
B1;

1 
- I fo.0611 - 16.◄ and 00/~ - 0.1 to find Fo and eveatulllly t. 



PRODLEM 5.8 

KNOWN: Initial Lcmpcraluro and con"ection <0ndiLions for tra.n~icnl healing of a 
spherical bullet. 

FIND: Surface tempcralur• after a presrribcd healing period. 

SCHEMATIC: 

.D=bmm 

ASSUMPTIONS: (I) Const:tnt propcrLic.. {2) Ncv;ligible radiation. 

PROPERTIES: Tobit A.I (300 K): p = 11 ,340 kg,'m3 , <p = 12g .1/ks·K, k = 35.3 
\V/m·K. 

ANAL YSlS: E"aluau, firsl lhe Biol number, 

Bi= hro/3 = b.D/6 500 \V /m: K(0.001 m) 
k k = 3S.3 \V /m·K 

Bi - 0.0142. 

Hence, the lumped cnpacilance melhod may b• used. The trruu,icnt rc.ponsc of bullet is 
given by 

T-T 
=----="- = cxpl-{hi'1/pVc)Lj - e.xpJ-{6h/rDr)l]. 
T, - T"' 

Substilullng numerical values, tlud 

T(O.-ts) = 700 I{ + (300 - iOO}K e.xp [- 6'<oOO \\' /m
7 
·K~o.-1s ] 

11.310 kg/m3 :.:0.008 mxl20 Jfkg·K 

T(O.◄s) -700 K - tOll K exp(--0.137) 

T(O.·ls) = 35 I K. <] 

COMMENTS: The healing effect is signifloanl.. Nole from Fig. 6.15 Lbnt, for Bi_, = 
23.5, T 111 approximntcly Independent of r. 



PROBLEM 5.0 

KNOW N, Dl11JX>cter and radial lcmperalure or AlSI 1010 carbon st.eel ab.rt. 
Cooveelioo coefficient and temperature or rurnau &AMS. 

FIND: Time required for obaft centerline to reach a preKrlbed temperature. 

SCIJEMATIC, 

ASSUMPTIONS: (1) On1>-dimcosiooal, radial conduction, (2) Conalant properties. 

PROPERTCES: AISI 1010 carbon steel, Tciblc A.J (T = SSO K): p = 7832 kg/m', k 
= 51.2 W /m·K, c = S◄ I J/kg·K, <> = 1.2lx104 m1 /1. 

ANALY SIS, The Biol number ~ 

B. hro/2 100 W m1·K 0.05 m ) 
I - -,,-- - .;,.c.;:._~=:-,.,-:'7;,;_;;,.,....:.;;:.t..::..!.. - 0.0◄88, 

k 51.2 W m·K 

Hence, the lumped capacit.ance method no be applied. From Equation s.a, 

=-T--=--T .. -exp[-(hA,i)t] -exp[-~t] 
T, -T00 pVc pcO 

10( 800 - 1200) _ --0.81 I _ _ ◄xlOO W /m'·K l 
300 -1200 7832 kc/m'(su Jfkg·K)0.1 m 

<l 
COMMENT S: To check the valid!Ly or the foregoing result., use the 001>-lerm 
approximation lo lbe Rties aolution. Prom Equation 5.◄Vc, 

T0 -T00 -100 
T T - --._;_c_ = O.◄◄◄ - C1 erp(--f1

1Fo) 
a - oo -000 

For Bi= br0 /k = 0.0978, Table 5.1 yields r, = 0.◄36 and C
1 
= 1.024. Bence 

-{0.◄3S)'(1.2x10-' m' f,) t -10(0.◄ 3◄) - --0.835 
(0.05 m)2 

t-G ISa. 

The results agree Lo within 6%. The lumped capacitance method uoder .. Umates lhe 
actual lime, siooe the respon.ee at the centerline lap that at any other location In the 
abaft. 



PROBL EM 5.10 

KNO\VN: ConOaur•tllln, init11U lt'mp~raturto and (ba.rgin1 condHlons or • thermal 
toe.rgy slOra.g:I'.' unit.. 

FIND: Time required to nchic\--C 75% or maximum ~lble enugy alorng-e. 
Tc.mptraturr or tiLnr111t- medium :u. thl.l time-. 

SCHEMATIC, 

~ 
T..•6oo·c-
n•1oow/m• K LJ::::::-;-:-;;;;:--

C::::, L • 002-Sm 

Al 
T(,,o), T, ,z5•c 

ASSUMPTIONS, (I) Oao-dimon,lonal conducLion, /2) Con,LonL properLios. (3) 
!',;egligibl.e but t•.xc.hange wilb ,urrot.tndiucs. 

PROPERTIES, Tablt A·l, Aluminum, pure (T ~SOOK= 321" C): k = 231 W /m•K, 
c - 1033 J/kg·K, = 2702 kn/m' 

ANAL YSl S: Recogoixing the cha.raclt1rUIUc h.•nglh iJ t.hc half thidmeiu, find 

Bl llL _ 100 W/m'·K~0.02Sm -O.Oll 
k 231 \-:/m·K 

He.net,, Lhe lumped ca.pacitance mt\hod may bt- ukd. From Eq. 5.8, 

Q - (pV,)01 I l - "P(-l/r.)J = -~ E,, 

-.lE.\ 1:1u = (11\'e)•1, . 

Dividing Eq. ( l) And (2), Lit• rondltlon •oughL t, ror 

~ E,./~ E,.,... • I - -.p(-l/rlh) = 0,75 

Sol"ing for -; \It. a.ad substituting numerical values, find 

, = pVc • ,,Le _ 210~ kg/m' ,.0.025m,-1033 J/kc·K _ BOS. 
" bA, b 100 \\' /m'·K 

Hence, tbe timt re.quired lt 

-.-xp(-l/BVQ,) = ~.25 

From Eq. &.6, 

T-T,. 
=-~- • e,p(-L/<u,) 
T 1-T.-.: 

or L -- Oll8.• 

T = T,., + (T,-T ~) exp(-1/, .. J = 600 • C - (575 • C) ""P(-VBR/6VR} 

T - ◄56 • C. 

(I) 

(2) 

<] 

<] 

COMMENTS: Por the prcacribcd Lempcrature5, the property temperature 
dcp"ade.nct- ill •lcoific"'nt 110d some error is incurred by utumiog const:10L proJ)t'rtles. 
Howe\·t1r. Jeiecting propNties al GOOK wa~ rr:t..1on~ble (or Lhil l!tli-mllte. 



PROBLEM 5.11 

KNOWN: Condltlons ror properly cn,aung the coaung on a leaf spring vertically suspended In 
a conveyor oven. 

FIND: Tune required to treat <-oaung on a difrerent•slied spring. 

SCHEMATIC: 

T 

L 

.i. 
,w 

ASSllMPTIONS: (I) Spnngs a.re spacc-wue isothermal. (2) Const3Jtt propcrues. (3) Both 
springs hive same convection cocfficicnl. 

PROPERTIES: Spring materiJIJ (given): p = 8131 kg/m'. c, • 473 J/kg·K. k • J2 W/m K. o • 
k/pc, • 1.092.10" m1/s. 

ANALYSIS: Consider the S1Dillcr spring (#1) for which the coaong conduions a.re known 
From Eq 5.13, 

.!_. T(IJ-T. - (140-17'1' C • 0.23l • <llp(-Bl•Fo). 
8, T1 - T. (2j-17S)'C' (I) 

For the 8101 number. Bi• hl.,/k. the clwtictcrudc length or lhe sprutg is 
V .,,.i_,.d 

L. = ii;° ft 2(""'1.) • 2(L,,d) + 2(W><d) 
= . 0.032.0.010.1.1 ml • OOOl?R m 

2(0.032.l l)m' + 2(0.010.J llm' + 2(0.0.12><0.0l\m' 

With Eq. (I) ond Fo~m.A.J. 

0.23] • ., (- h.0.00378 ill, 1.119?.Hr' 111'11(25··60J) ) 
P 42 W/m K (0.0038 111)' b • 14 I W/m2·J< 

Consider now the larger spring (#2). the chlll'Dctcristic length is 

L. • 0.&76.0,0lS,l.6 m' ft 0.0IIS 
111 

2(0.076•1-' + 1(0.0lS,1.d)m' + 2(0.076"0.0Jl]m' 

The time required rorthaspnng to reach TC~)= 140-C. 

.!_ • 140- 175 • ( I• I W/m'·K>D.0118 m. I Ol/2,,10-1 m'IM.) 
81 25 - 175 exp 42 W/m•K ('0.0120 m)' 

Hence. we would leave the larger spring (#2) ln the conveyor oven for 

t i.• 10mln~ (78+ 10)mln• 88rrun. <J 
COMMENTS: Using L. : d/2 rather than u V/A, le.1ds to ovcrprcdi.cdng lhe residence time. 
N01e from the 1cmpcrn1urc dlstribuuon plot on the T-1 coordtnatcs how le w1.> rca.soned 10 be 25 
minutes for spnng #1. For the lnrger spring, B; • 0.004, hence the lumped capac1UU1ce method 
IS appropriate. 



PROBL£.\I 5.12 

h.'-0\\ ': \\'.,t..:r 111111.,Jly ,11 IIJtJ· C , .. -.udJ<nh rl.1C"rJ c,n ,t ..-hud, 14·11h umf.im, .mJ ,11ml.JUI 
l.:mr r.1111rr ~J· f. WJk1 1c1n111:r.11un: .1fcc, I~ M•t,;onJ, 1" ,,h .. ,r~i:J J\ 13 C" 

11,n I C u111,1 .. l h.',hhtnLc-. R; tid"rt1n tnt~d.u:i: or '\.\J.kr auJ dtud,. 1hrough l\hu..h hl"hum '11w,h 

~1,," ,tnJ 1b1 \\ hethcr R:1 \\1ll i.:h11ngc ,i .iir. tillhc:r thJJ1 hchum. ,~ th(' rur~t: f.l.i. 

SC"I II.M \TLC: 

lnterfaca region. 
greatiy oxaggaratod 

• 

Wafer, T ,.(I), 

T 10}=T =100°C W' w,, 

1V=07S8mm 
-j-

Helium gas 
purge 

/ q-·cond 

Pk01'1:.ltt11°\; \\ 1J('ft•,1h,un,1}·r1~al,1,tlu,:)I p:1700kwm' ~;;.~7jJ\gK,L ... J71\\1mK 

\S-_'l '1 rn ()\ ": ' h \V11k1 tidw~&:) a I .1 ~r:,~L·- \4 I\,( 1\1..llhc:rmill "hJt:i.:I, t.:!) N l!lhl!thli: hi;-,JI If .in .. h:r 
I rom w ,1h· 1 h'f1 \UI faC4.'.. l 1) Chud rcin,un, .at 11n1lt.•tm t<m~r.1turi:, 1 -t • Therm.ii n.·,ht,m., c Jt,,f"!\ 1h:: 
1111n1. ,ha· t,1 .. onJ.u.:uon tlh!i.:I\, 1101 cono.·c...:110.c., c; t r,m..iJ.11t pmpc.rtll.'" 

\\.\I \ SIS: l,1 Perform .m tm:rt) h.sh1n\.'I! 11'1 thL' i.,.,h'.'r _,, ,ht"'" 111 tJ1c: s,h..:mJIIC 

t 

T.111 r 
R' 

'J, 

\tJl,)tllutrn? numt-nr.,l \:.lJuL·, hlf T.,( I,._;=- l~ C 

,,J :•fr r 
= "" ilOO 1JfC ''."7fJCJk~,m 

k"' UOUJI 111: I\.!\\' 

r.111 r 
T.,, -T 

( O\J \ll \ T"i °''''l'. th.u HI= ~.J R.n = t w/~ V R'.' -=-II.I.IOI Hc:n,c !he ,pa,c\\T-.1,• i.u,1hl!tmJI 

.. ,11.umru, n f"o:'J~on;lhll! 

< 



PROBLEM 5,JJ 

K..VOW""': TI:uc . .kness and propcn,c., of smp stuJ cooled by c.on\'~tion and rad1a11on. 

•1.No: Ca) TJmc reqwttd to cool from prcs,cnbcd ln,uul ta final ccmpen:uure:. (b) Rclalli.-r mOucocc of 
~\·rcuon and ntd.1ouo11 on heat unn,fcr from the ,)lf'lp. 

SCHEMAflC: 
-e·c,,,, r -, ........ _ ... 

r,ur • 300K 

Steel_ tf~.\_/~=v J. &'2•00025m ~==~ --=t-- -~~--3------h- V•tOm/1 

r::::, - h • 25 W/m2,K 
"-.C!./ =:: Tco•300K 

ASSLM..PTtOi',S: c I J Con,tam proptmn, (2) NcghJlblr ..;1np ttmpc.nuur~ grad1cnt3 tn tr.an)\·c~ 
J1recuon (.acro!i>, ,tnp th1cknt'il•. ()) Ncghg1blc cff«1 ol ..,mp conduc:uon m long,tudmaJ d•r~oon 

PROPERTIES: SLecl. p = 7QOO kg/m' ,, = b401/l.£ K. l = 30 W/m K, t =0.7 

AI\AL , ·sts: (;i) Cons,denng i1 lixcJ (conuol) m:w of the moving 1cnp. 11.1 tc:mpcn1u~ ".tnatJC'ln ..-uh 
lime u govc-mcd by M energy b:tlimc:c \\h1e:h cqu;ucs the cl'uaogc in entrg:y !t-tor.ige to heal ttan\fcr by 
con1,1ec11on md mdiation tf the ,urfacl! Mt.a 11.SJOCl.tted wilh one )tdc or lhc control trU!i.S 11 d~t,nated as 
A .. A,,.:. ,\0 • 2A., .and V • 6~ tn EqW111on S. J5. ¥.h1ch rt:du.:cs 10 

p,:6¥.• -~h(T-T_J+ to{T' -T! )] 

or. mtroducmg the radh11lon cocffic1cnt (n1m Equat1om, I 8 11nd I 9. 

Subsmuung for T, • 1213 K 4nd U\mg the LumprJ Capucm.m,c! Mndrl or UTT 10 perfonn the numcn~.tl 
in1cgra11on. \\IC abeam T, = 813 K ~ S40"'C a, 11 s QJ s. m ""h1ch ~ the length of 1h.e cooling '«'UOn 
muit be 

L ~Ve,~ I Om/•• 93s m 930m < 
Brcaui.e lhtJ length uc.ccd~ pracual ~p111,;c hmt1at1oru. w1Lh1n II s1cct m,11, we (oncludc that 1he c;oohng 
rote t\ msuffie1e.nt :ind ,huuld ~ fnruulC'ed 

(b) Scumg. fint h = O and thc:n £ • O. 111d repc. .. olng the nurner,e~ Jmegmuoo. or using F.quauon., 5 J 8 
and 5 S, .. ~ obtam ror ntghg1b1~ c.onv«uon and rud1.1taan. re.ipct1,vc.l)', 

,, tr.uhauon onl), l40 s 

1, (corwecuon onl)') • 2~1 \ 

< 
< 

From the forego1n1 ~ult, nnd chc faUow1ng plots. u 1s dear th;u mduwon u the domm.ant hc.:11 uundi:r 
mod• 

ConunoeJ ... 



PROBLE.\I S.JJ ICun1.1 

l 
,., 

~' • ' t ,., ., 
"': 

I • I ~ 

' ' .. I l 1 
j I-:: .. , ~ I • I ., • , 

I • 
\~\.: - J + ' I T1 • . ., 

' t ,· 
-- '- ' - "\. I ' • ,co t 

"

• + 
. ,, • i l • • • l } ,ro 

"' ... 
"'' "" "' ... • 

' ,. .. .. .. ,,, 
r-,,.,. lfl ·~ " -- ,. • a...,,,..,...~ "· ~notl • ., 1' _.,_,._ • '-1,l'IYJ,. tp11an.01 

..... 1'1•21\'\ 1'r,/1',, ... --
-+- "'• 1..JQ!Gft (iO'fl~ llt,W,m-~ ~, 
-- ~CDf'll..::,111\1 "''-"'°"'"Z"I 

ln1t1all) it.:: 01. tht: radi.mon coc1fl.;11.!n1 th,= 94 Wtm= K1 C\CL-c,h thl!' ccm•~i.:rnm ~o.:1fi1..'h'IU h~ n1.~ . .1rh .J 

J.1dor ot ~ \hhou~h h, dcu1o·J..w, wnh J~crca-.inE T 11 1~ ,uJl larg_l'.'r 1h,m h ,1 lht!' ~,..ndu,1N, 01 1h~· 

1:oohn~, pr1~e.,, , h,-= .i:: Wtm· ~ for T = T,:;:; ~PK, 

\O\l\lF'-'TS: In., 'lh~tl null .sc1.:c:kr,u,J coohn~ ,., a,hlt"\tJ b)· ll.)lll~ w,u.\!r JC\~ 1.1., Jep1t..11:J m 
t1mtilcm I _;p lo l.'.hc1.:k the , .. hJH) ~ll u,rng.., lump.:J cJp..KIIJn~c .1n.1lt'''· Yi~ L:,d-.ul.1h: 1hl!' 81N 
numb<r u.,1ng 1hc: m..i•mnum .;umul.st1\·c.: 1.'.Ut!I t1~1cnt 1h -,- h, l J..\,U.:UUl!'J \\·llh th..: ~,,,olms pr•1'.:c,.. \\'1th , h 
+ h, \ ~ 1 ~5 + 4-l) \\/m' K ; I P) \Vim ~ K. 1t follnY. . 1h,1i 81 =- r h + h, 1(6/1}(1 = H.01 .,nJ th1: uprw"rn.111,111 
i, \' .1hil, 



PROBLEM 5.1<1 

KNOWN: Thickness and propcnics of fumocc wall. Thermal rcslsUU1cc: of film on surf DCC of 
wall exposed ro furnace gases. lniual wall temperature. 

FIND: (a) Time required ror sun11ee of wall ro n:nch • pn:scribed tempc:nuurc. (b) 
Com:spondlng value of film surface rempenuun:. 

SCHEMATIC: 

Vm<K. i-

K{W T. .,,, 
' . ➔ 

,. 
i,:.;...c 
~ •rlxm 11teel, 7j • :!JOOK 

T.,,•lZOOK 
~ .. 
~ 
i: 

L •lOmm 

ASSU?tfPTIONS: (I) Constlll1t propenies. (2) Negligible film thennaJ c,paciutncc, (3) 
Negligible rndiation. 

PROPERTIES: Carbon steel (given): p = 7850 kgtm>. c = 430 J/kg K. l • 60 W/m K. 

ANALYSIS: The overall coefficient for heat mmsfer from the ,unacc of the steel 10 the gas is 

-I -l 

U = CR7..rt a(.!..+ R'f) c ( I + Hr2m2·KJW) = 20 W/m2·K. 
h 25 W/m2·K 

Hence, 

81 = l/1.. = 20 W/ml•Kx0.01 m = 0.0033 
k 60W/m·K 

and the lumped capacitance method can be used. 

(a) h follows that 

T-T_ 
Ti_ T_ - cxp(-1/T,) = cxp(-l/RC) = cxp(-Ut/pLc) 

pLc T-T_ 7850kg/m3(0.0J m)430J/kg·K In 1200-1300 
t = U lo T0 -T_ = 20 W/m2•K 300- 1300 

t = 3886s = 1.08h. 

(b) Perforrrung an energy bltlAncc mt the outer surface (s,o), 

h(T_ -T,,0 ) = CT,0 -T,,)IR'i 

hT - + T•;/Rr 25 W/m2•Kx l300 K + 1200 K/I0-1m2•K/W 
T '

0 
= h + ( 1/Rr) = (25 + IOO)W/m2·K 

T•• = 1220 K. 

COM~fEl'rfS: The Rim increases t 1 by increasing R, but not C. 

<J 

<J 



PROllU.M 5.15 

h.1\0\\ '\: f'l•l'rl·r r;,J.: JJl)·m, "Uu A c,r<nen,~ l(lu t«1 l.'.O(•l-1111 ,LU( 1 

I I, I)_ • 1 Tmh.: rL'l.pmetl t'nr md11111= 1n 11 ... ..:ur t.,11(\\, In~ LOl _ 1 t, 1 (Ji.. 1 I 01rn.m-.c- of h.i.:l •11r "·u,1lint 
,1, m 

~l"IH \I\ Tit": 

C'.JOlarit t;a.uage 

Copperroo 

0 a 20""" 

R~=O•~utm 
.... .,., 7§ ~ 

- 1•500A 

1•1 tbl 

•• 

T .,• 1sec 
>, .. ,o.i W1rn7,K 

•• 
1, - 11>3 W1ml•K 

\:,~t \IPTIOf\S: I I fentr;-!'Jlure ol rt'lt.l n, 1-p .. 1i.1lh· nruinrm Ill JU>· int.r.1111. 1! \\ ttnt ►Ul ~i•1ilam. 
:.t.Jl..ill 11: t .._ o l' .11• hl.!~r 1r.m11t·1 fram ,.urlJi:c 01 n1J urc 11~l!l1g1hlc. ':\1 r ,m1.1111 pr,,pn11~ , : 

\~ \I \ ,1s: 11 Smtc 1~ Pl.llt't ,ntl;1L.c t1f 1hc n.,J 1\ 1,i•Jfnt•,J 10 lo.te no.:nag~· b) hi:.a11,~m-.r~1 1u 1h 

,uuu,;11J1 Ii 11 ·1wrl:'.'- h.1l..1Jia! vn lhc ru-.l 1, 

d•ll 4)<,IT T J 

i"k" 

t~YHl,_,! ITT 1,~ h1!fJ~111.1 t-ll!U Lg l\Hll.lii\ 11~11\. 

(.'OIJJ tO 15JJ • Ill 
< 

lb lh 10\J tc111r~·r.1tuJ( JI lh~ t'n"<"t cl b.h.l..•ur i,;n1•IHI!! nl,l\ b,: oht.un,:lS lwm thC' C':\Ph""\"l••n UI l'..lrl .1, 
f-c,r I ~ ~i. v.-: (•htJUI 

• r­-, or Ji\ I r 

< 

T I• I R'l.- p\'c _Ji_· 
,, II JI 

1,1 lu!tC A,-=- r.111 TI,t 1du\11,n co thl\ 1101..'.ar, lirih,tJt'r n11nhou10gtnt.""Cu1. Jlikr.:1111.11 "~1u.111nn H, J'hC'll 

n, r~uat 111t1ifi.!,, 

T r 
I' -l 

(11n11nurt1 



PROBl.al S.ts (Cont.) 

where•= hA,/pVc, and b = I R.;/p(nD' /•)c,. Forihe pres..nbed cond,uon~ a(water) = 0 ~II , 1, 

olatr) = 0 OS I , '• and b = 10.S K/s. W11h T, = ,oo K •• t, = 5<. the 1empcruture h1s,oncs •~<ix1u1ed "1th 
lht" two ..:oohng options .ire'" ro11ow .. 

... 
j L ... t 1J iii • ... 
t + ~ 

I ~ ~ l t-

j 
... + ~ ~ + ~ 

+T t + ~ ... + t t-

; + - -i-t + ... 
t-

"" • ,. .. • .. , .. 
T .... ~--•---- •.i 

......,_~ 1111 ... 1000~'...-a.• 
- ,.._ ..... ,o..im1111r-,11 

W11h the watcr b•ck-up '1''""'- the rod tempcru1urc quickly decays (w11hrn 10,.J 10 • sieady-,wtc ,,luc 01 
'\48 K. which corresponds to the nonnal opc:nmng c::onduion \Vuh 1hc au S)·,tem, the 1cmpcrnrurc 
conunuc, 10 rue and 01 1 = I O(h. 11 " •cry clo~ ( w 1th in 4 Kl of the ,..,ad)-''""" value of 88S K 
Although, the melung point 1s not rc,.1chc:d wuh the :ur ,y~ti:m. the wnter back.up quickly rcMOrt:\ lhc roJ 
to 1t, ur1gmal \tatc ond I\ he.nee much preferred 

COMl\IBNTS: \V11h l = 400 W/m K. 81 = hlD/2llk = 0 25 for water and 0.025 for •tr Hence. thc 
lumpcd ••p•cllance model "appropnole for 1he "" cool mg. but only marg,nall} accep1ablc for the w,ccr 
Th< 1mpllcouon J\ Ihm 1emp,.-mturc grJd1cnts w,11 de,elop m th• rod durrns cooling Nevertheless. J 

111111] ste.idy•,catc of '•8 K will be approached rn a lime span close 10 1h01 prcd1c1ed by the model 



l'ROlll.t \l S.16 

h. , o ,, "\ I h1d,.nf,ii .lnl.l rri-ir~n11:1 I ,1 ,1np \h:d h'-'-lh,"'lf In Jn anm.·J.hnpt fl1T'l.'t'"-"i 1-"um.tl.:(' opcr.mns 
:unJt11un', 

tt1,n: 1.n f11ni: 1t"qu1h.-d h,1 hc-.;u 1hi: ;.mr hom 101, m r-00-c Rc11u1rcJ lum.1.ce length h•t rr1."1,rih.:J 
>!Hp '·I, II),,. ~ 0 ~ rnlsi. 1b1 ~tli-•,t 0[ \li-Jll tc:mpc:r•tlUII! ·'•fl 1iuir 'lf'L'cd. kmpcr.i.LUre hl\h.lf)' ,Ill.I 

r:l11Jllon . ;:ac,111~,c.nt 

~l'IU \I \ fl !': 

CombustJon 
gases --- h = 100 w1m7.K 

Too-: Tw 

V=OSmls 

\ SSl \IPT10 ,,~ , I Cr10,1.ut1 rr<'J'l~me~. (2> :-..1.•tlit:1hli: 1rmp,:nuun: graJ1.:nl\ m 1r.m,\·L•rH~ 1l11e:L1\ln 

-~f{l • - 'llnp. L 1 '\Jt i:h1t1_tblL .. tlkL'.1 111 ,1np c1.1nJu...:t11U1 ,n lon~1ruJmJl Jir~cuon 

\.' \L \ S l S; tJ) Curi..,11.knn~ a 11,tJ h,i1n11ul I m,1"i, uf the n,.._1\ lfl}!. \tnp. ih ,cmpcr.uurt \Jll411<111 -., nh 
1mu: m , l •·• 11h1.nnl·J from Jn (ncrt~ bJ.L.1..11.;\! ". htch equ.tld~ th.: ch.1n~L' 1n l!llef~) ,11-1ra!!c:- co h('Jt 1r.1.n1h:1 
t,~· .:,Hn, ~t1nn ,mJ r;iJ1Jl111n Jf lht' "Ltrt.aLc- .tn.~j •1~1.i.:1.111.'J \~Uh unc \1LI~ ot lhl-' ~onmd m.1,-. 111, 

~51J.ma.i.:d .l!'r> A •\ . = ;\ , ; 1.:\, J.OJ \'::: .i,\, in t-_qoaunn 5 I~-\\ l11d1 n•tful.'.L'"- tn 

p,li~ -~[h(T r.J-lo[T' T',i] 
dt 

T, -T, l j'[hiT T )•h.ll T,11•1 
p..:(ri ~> r 

1.-~,nt lhc IHl L.,mp.-J t-;,,,,,JcHar,a .Hodd hl 1ntc.gr.11!! 111m~111.·.11l~ "'-lltl T 1111 'ii\ K 'AC" HnJ 1h.1t T- -
"I 7.} ~ io4'UC._p,mJ, !II 

L.; Vt.~ n 'Sm/\"" 10'h t f05m < 
1h1 For T.-== 11~1 K JllJ 1:1, I\. the nurncri .. il l 11Ut!fri11n,11 }'idJ, 11 • 10.;., J.mJ t.~1a ft"!.pa:11,d~ H,n..:t: 
hir l - I05 m \' - Ut, ~-1c.ld:. 

< 



PROBLEM 5.16 !Cool.) 

"h1ch corrc,pond 10 mcrellSCd proces, rn1cs of 106% and 238'il-. re,pecuvely. Clem1y, producuvtty can 
be enhanced by 1ncrca.\lng lhe furnace cnv1mnmcn1al 1cmpern1urc. •lbcu "' the c,pense of mcrcDSmg 
energy uul11..al1on nod operacang t;Osb. 

It the annealing procc» ex1Cnd, fm,n 25°C (298 K) 10 600°C 1873 Kl. oumene.1l rn1cgro11on 
yields the Jollow,ng results for lhe prcscnbcd fumilCc tempern1urc, 

... ... .. 
♦ it ... • T 

<! ...,. i 
t 

~ 

I ... ... T 
~ 

--r+ + , • i .., t T T + 

I l ... 
! t "" 

t t 
, .. 

t t I 
► ' t r-• .. • IO 100 ... ... '"' 

,.. • .. . .. ... ... ... ,.. 
...,...._. • .,.., ltll 

~""-11~1 

...- '-•llnl•1000C _....TM• Tirll• 1o00C. ....... ,w.rn.a,oc 
_.,_T....-.1\rll•dO~ -- t-•Tlnl•'fflOC ...... lM•lW• 100-

A, cxp«tcd. 1hc henung role nod nmc, n:,pccuvcly, mcrcas,: ond decrease: signtli<nnt.ly wuh 1ncrc~,,ng 
T. Although the rnd1auon heal lmnsfer rn1c decreases with increasing ume. lhc coeflic1ent h, mere= 
wnh I as lhe ,1np temperoture approaches T. 

COMJl.lENTS: To check the ,ahduy or 1hc lumped capocunnce opproach. "" cakulai. 1hc Biol number 
b.l.s<d on a m:uumum cumulauvc coefficient of (h + h,) • 300 Wlm'· K. h follow, 1h111 81 ; th + h,)(&2l/l. 
; 0 06 anJ lhe assumplian" ,·.ll1d 



PROBLEl\,I 5.17 

KNO\\'N: Din.me1cr. n:,1,c2ncc Q.nd cum:n1 Jto1,1. for :, 1o1.·1re. Convccnon cocffic1cn1 and 
tempcr.1~ of ~urrnunding nil 

f t''D: S1c:ndy•)l11fc 1cmpcm.Wic o( the wuc. Time 1ar 1hc wuc tempera tun: ro come within 
1 UC of its tlcad)'·Stalc vD.luc. 

SCIJE\IATIC: 
@ 1;,.::s·c 
\: • h•SOOWf.,, K 

/L,.. t..w,,, D,fmm 

/ --+I IOOA 

' 
ASSll!\,rPTIONS: , I/ Con'lJnl propcmcs. 121 Wm: 1cmpcro1un: " mdcpcndcm or, 

PROPERTIES: Wire 1p,vcn1 p • KOC~i krJm1, '• • 5110 J/1,;g K, ~ = 211 \V/m K, 
R; -0.01 0/m 

ANAi YSIS: Since 

hrr0 (.!) 
Bi=-,-- = 

k 
500 W/m1 Kf?.5,IO-'ml = ll.Oll6 < II I 

20 W/m K 

1hc lumped capacitani:e mc.thod can be u\Cd 11,c problem h11" been am&Jyzcd 1n E,uunple I "· 
and wuhout radlauon the ,1c~uly-... 1ut~ tempcnuurc L~ given by 

oDhIT-T.):l!R;. 

Hence 

T: T - - 12R; = 25''C + 1100/\1:n.Olrum. = K8 7'C" <] 
~Dh n!U.001 ml500 W/m•·K 

Wlth no rn:diauon. the tr.uuknl thenn:i.l l'r\fVlntw: of the wire I, iovcmcd by 1hc cxpn:.,-.1un 
!Example 1.31 

W1lh T .c T1 =- JS'1C J.t 1 = o. the: snluuon i,: 

T-7.-lliR;/nDhl ( Jh) 
~c,p --1 

T, -T.-(12R~htDhl p,:D 

Sub~m.unng nume:riea.l value:\, hnd 

<l 

C0\1.'\lENTS: 1'he Hn,t' to re.1ch s1c.idy \Ullc. increases whh mcrca."ing 1) .... Jnd D QJ\d ...,.nh 
dec.:rc:a ,tng h 



l' ROBLEM 5.18 

KNOWN: f'lecmc:aJ he>1or mlachcd 10 b•cl.s1do of plAu, wh,I• fron1 ,s exposed 10 • coo,ecllon proc:e,, 
(T_. h), lnL1111ly plaJ.t' t~ aJ uniform rempc:rature T_ be.fare h.:.11c.r power 1s swuc:hcd on 

FIND: (a I E.xpn:u.1on for 1.cmpcnu.ure of pl.ate tt\ a funchon of lutlC us~uming pli.-uc u \patcw,,-c 
UOlhcrm•t (b) Approx,mau: tune: 10 "'-'<h ,icady•>lllle and T(-) for prc,cnbcd T . . hand q: when w>II 
m1;11cnaJ t~ pure copper, (,;) Effci.:t or h an thcnnal rc,ponM! 

SCHElltA TIC: 

'fa = 5000 Wlm2 - It r .. = 21<>c 
h • 50. 100, 200 W/m2•K 

o-t---- Copper, pure 
Heater --:;£1.:.._;.._j T, c 27 "C 

r -1, 1 I 
I _ , 1-+-

" : : q",_, • 1 ------• h(T-7;;.) 
L • 12 mm 

\SSU~lf'TIONS: ( l ) Plate bcb.-e, "-' lumped cnp•c111ncc. 12) Ncghgiblo loll OUl b:icutJc of hca1<r, 
(l) Ncghpblc radr,uon. (4 I Cons,an1 propcru« 

PROPERTIES: Tab/r A-I, Copper, pun: 13\0 Kl· k • 397 W/m K. c, = 38S J/kg K. p" 8933 kg/m' 

ANALYSIS: <•> Follow,ng the •••ly,,. of Scc11on S. 3, the energy consen.a11on rcqum:mem 1or the 
<Ystcm 1> E~ - E_ = E. or q• - h(T-T.) =pl..c,dT/dt Rearrang1n1. and w11h R~ = 1/h and C~ = 
pL.c,. 

T - T. -q;/h • - R;•-c;0dT/d1 

Oefimni 0(1) • T-T. - q;/h with dB= dT, lhe dJffcn:n1iill <q1"'Uon 1' 

9 = -R'C'.'dO 
' ' di 

.c;.eparnung \'ilf1a.blo and tniegraung, 

rc11 __ r~ 
, 0 JI) R:c; 

It follOY.i lhlll 

2.. ••• 1 _ _!_) 
DI '\ R:t::· 

wh«• 9, 9(0)= T.-T. -(q;/h) 

( I l 

(41 

fb) For h = SO W/m' K. the su,ady➔Ullc 1<mpcr.11urc can be dc1<rmmc<l from Eq (3) wnh 1-+ ... Iha,"· 

8(0,) 0 = T(.,J- T. -q:/h or T(o,) = T.-+ q;/h, 

l'"'"i Tl'"")= 21•c + 5000 Wlm;. ISO W/m: K = I 27t)C. To c.$1lm:;ue the 1tmc to reach 1teady~11111c, r1f"\1 
dctc.nnmc 1he thermal umc comlrult of the sytotc.m, 

'• = R;t'.~=( f JP<,L)= ( SOW,.m' K }s9JJ~g/m' x)SSJ/kg • K x 12>< 10-1m)= 82Ss 

ConunucJ .. 



rROULE:.t 5.18 1Conl.l 

. . 5000\\', no' 
Ill •t, I= T(1t,J-:7 C- . -e 

~ow m K 

< 
11.) .-\~ ~11""" t,}· rh<- folli.l" mg g:r..aph1c,ll r1:,ulh. v.h,,h "c-re gL"ncrJLl!'Li u,mg 1hc tin Lmt11,,·J 
C11,,ullll1t1n' \fo.J,J. lh!! Ml."o.1J~-..,1J11: 1cm~rJJurl! ,.mJ rlt~ unit 111 m1d1 ,11.·ad)·•\l.th: heith dc:i;~.a.,c "uh 
.1ll.rc.1~1n:: h_ 

"' 
• I • t~ l I ' . ' ,,. .• 4 • -t ' . f. ¼-'<+t 

q 1 • ~ --+· • + I ♦ I I I 

t 
.. ' • ' + + I 

I I " I I ' 
~~t~-.. 

l l I • • I - ,, :1 ++ ' t t ' ' --+ ' . I I 

• .,, .... - -.-, ...... -- ,._ ..,,,.,_, .. 
-- ". •«: wi.,.-•• -.- ... u ... -·, 



PROBLEM 5.19 

KNOWN: Elecll'llClic device on aluminum. finned hu, sink modeled as spauolly isolhcmllll 
objCCI w11h in,cmal gcnC111don and convection from ilS surf nee.. 

FIND: (a) Tcmpcr.uure response af1cr device is cnergitcd. (b) Tcmpcra111re rise for prescribed 
conditions after S min. 

SCHEMATIC: 

~ 
,,;,,· .,· ·.....i~-, As 
' 

, cont' 
.... ...;;.;~ 

M•0.31.lcg 
1i. r.,,.zo·c 
£ •60W 
fr«>J=JOO•C 

ASSUMPTIONS: (1) Spatially l$0thcrmal object. (2) Objcc1 is primarily oluminum, (3) 
Initially. objccl is In equilibrium wilh SUrTOUndings II T .... 

PRO PERTIES: Table A•l, Aluminum. pure cf =<20..100)0C/2 = 333K): c = 9181/kg·K. 

ANALYSIS: (a) Following lhc gcoc:rnl anlliysis or Sccuon S.3, apply lhc conservation or 
energy rcqu11',men1 10 lhc objec~ 

E,.+E,-E..=E,. E,-M.CT-T.J•Mc.!£'.- (I) 

where T = T(1). Coonder now s1tlldy-su11c conditions, In which co.<c lhc s1oragc 1crm <'f Eq. (I) 
1s zero. The 1tmpcra1urc of lhc obJ""' will be TC•) such tluu 

E,•hA. (T(•J-T.), (2) 

Substirunnc for Ea using Eq. (2) lnio Eq, (I), lhc diffcten1inl cqua1ion 11 

Mc clT Mc dO 
IT{•}-T.J-IT-T.J• • • .,- or O•- -

,.,..w iiA,61 
(3.4) 

wilh 811T-T(•) and noung 1h41 d8=dT. Identifying R1 = IJhA. and C, =Mc. lhc difforcntilll 
cquouon is in1cgnued wi1h proper hmiis, 

R.~ 4 d1=-{ ~ or :, •exp[ R,~] (j)<l 

where Bi a &(0) = T,-T{•l lllld T1 is lhc initinl 1cmpmuurc or the objcc1. 

(b) Using lhc infonnation abou1 s1cody-suuc conditions and Eq. (2), find fine lhc lhcm131 
resismnce and c•p•cilllllce or lhe sys1cm, 

I T(•}-T. (100-lOJ"C 
R,• iiA, • Ii, = 60W ~ 1.33K/W C,=Mt=0.31 kp'll&J/kg·K • 28SJ/K 

Using Eq. (5), lhc ICtllperature of lhc •Y'l•m oru,r S minu1cs is 

8(Smln) • T(Smin)-T(•) • T(Smin}-IOO'C _ L jx60,i ] a Q.4.ll 
8, T,T(•) (20-IOO)"C .. P[ l.33K/W1'28SJ/K 

T(Smm)• IOO"C + (20-100)"0<0.•Sl ~6J.8"C <l 

COm1ENTS: Eq. 5.24 ""'Y be used dircclly for PM (bl wilh a= hA./Mc and b = E1/Mc. 
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PROBLE~I 5.20 

',phcr,,;J C'Olll r~llr:l .a.l 25 l 
I IOl.•11 r• 

\ SSl'\IP I 10,s 1 1 Pdkt 1, 1-u1ropr:m.kJ u1 .. ur llLm .inJ !t-UhJt~leJ to Ltnly rJd,.itn·c- e,1.:h.tn!!'t: 
~'-lltl turn.Ji.:, I Pell b !l.n1.al1 i:.111nr..1.rC'J ll1 IUm.1-:-c .. urt.icc 1.1rt.1. ( H C1,.11 ~llt:l lt~L'i ,·ml!i;\l'•Jl'-' 

rH.ort-RllES: fobl.- , t c,,.11 t.,, thon~1s 1 r,-1, ~h5K. hlW,t'\tr. onl\ ionK d.11.:a 
:11l.1hlc p I l5fJ l_z1m

1 
~r - IJr-0 ll~i K l O . .:!O \\ "Im 1-i. 

\'\ \ I \ S l"i: f111t1i,1i.k'nns lhc r,cllc-t ..i~ ,rJ11all, l..oth\!mial. u~c the iurnfl',·J capat1t,lRL.C' 
'Ylc:fh, ,t ,1 ScL·(1lln '.\ \ to nnJ the 11mc rc:quufJ h.1 hc.11 1ht' pdlel h,,m T ..,, ~5 'C 1u T 1 - (,t){l"C 

l·r11111 .an c:ncr~ ha.h,n~e 1Jn thi: rdkt Ein = E.,1 whi·tt." 

,. JT 
,, "C. 

Jt 

"'iq,;1r·.111ng \.1nabk. .. nnJ lnl.CJ;f.ttml( Ydlh hmlf~ 1.liu\\n. lh: 
IL'mp.:r;11ure 11n11: rd,umn h«umc-' 

A.o j Jt 
r•Vc,. 

Tlic IIIIL'.;rab .ue c,·.tluated 1n Li.1. 4\.18 {!I\ mg. 

f•V,, I T ... •T T,..,+T I 

• -- \'" -- 4-ln --1 -2 ~,, <'l'T r_ T fw T I . - r 
r. 

' 

' ' I 

' I 

. 
,. 

<J 
Thi: \·.11JJ1t} nl 1hc lumpc<l c,1j'aL·11,m1.i: ml.:UIL-.J 1i:qu1rc~ B1 = h1\'rA,)/l. < U.l l',1nl!, l:tf s, 1._ir 
h - h, AJIJ \ '"· - D1t1, riml Iha! \\ hen T - ti!JIJ ·c •• I.ii-= II I tJ hul 'o\ hen T::. ~5 e. R1 fl fO \r 
c.11ly 1tn1e ... when d11: pellet,,. ..:ooli!'r 1hc .._ ..... umrtton , .... rc.i.,~m.thh: hut bc .... on-,e,; It!.,., ijrrrnrnat.t: 
J.\ th'-' rcllcl ht:.\l\ 



PROBLEM 5.21 

KNO\VN: Metal .sphere. 1n111.1.1fl)· .al a umionn 1cmpcnuurc T •• 1s "luddenly remo\·cd from a fullUICC 4111d 
,u.,pe:nlkd m .i lugl.! room am.I t.ub,cc1cd to ta con\lccUon proce.» (r_. h) and 10 rnduauon exchange with 
"'1Jrroundmg"t.. T •· 

FIND: (aJ Tune II toles for •phere 10 cool to some 1<mpcru1ure T, n•glecung niu1at1011 <Ach,ngo, (bl 
Time n ~ for 1pbt:rc to cool to M>mc temperature l. ncglccung convccuon. (C) Procedure 10 ob1a1n 
tune requLred af both 1:on1e·cc1,on MJ nuhauon are con,1<k:rcd, {d) Time 10 cool nn :mod1:icd ~u.mmu1n 
,phcr• 10 400 K usmg ,..ult, or Pans 1,,. rb1 ond le). 

SCHEMATIC: 

'• 
' 

® 
I I 

h: 10Wlm'l-K 
T00 =300K 

T..,,•300K 

tf,0:AIUmlnum sphere, Tjl) 
,,- .. o:sorrvn, T,-a.800 

' ' I I 
I I -- , ., ' , lf,ad .... _, 

ASSII\IJ"TlONS: ( I) Sphcro ,s •pacew1S• 1S0th<m,;,I. (?) Constant propcrtu:,, (3) ColUwnt h.:.st 
l.runt.f~r con\·o;uon coeffudcnt. (J) Sphm 1:, small com pated co iurroundmp. 

PROPERTIF-'l: Tab/, A-1, Alummum. pure IT = [800 + 4001 1v2 = 600 K) p = 2702 kg/m , < = 1033 
J/1.g K. k = 231 W/m K. l'l = k/pc = 8.276 >< 10·' m'I,, Alummum Mod1zed fin1>h c ~ 0.75, poli>hcd 
surface t = 0 1. 

ANALYSIS: C~l Neglecuna raJ1u11on. the ume to cool 1> prcdiucd by Eq S.S, 

t = pV• In~; pOc In T, -T. 
hA, 0 6h T-T. 

where V/1\, = tn0'16ll\it01J = 0/6 for •h• sph<re 

(bl N•&le<ung <on,ecuon, the umc 10 cool ,. prcd,crcJ by Eq 5. IR. 

where VIA.,; 0/6 forthc !phcre 

le) If con\·ccuon and radrnt1on e.,ch11ngc a~ conudcrtd. the energy ba)Micc. ~wn:mcnt re.su1~ m Eq. 
5 IS(w11h q; = E_ =0). Hence 

dT = ~ [h(T - T )~co(T" - ~ )] 
d1 pO- • -

whe:rc A, "''• A.• nfi and V/A. .,, - 0/6 lbo, ~.lauon mu,1 be 'ioh·~ numcnc:;;aJJy in urder to cvAJu,ue 
chc um1Mo-cool 

id) For rhe aluminum (pure) sphere w,th an anod1,<cd fimsh and the pre><:nbtd conditions, rhc umes to 
cool from T, • 800 K 10 T = 400 K u,e: 

Conunucd 
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PROBLEM 5.22 

KNOWN: Drople1 propcttlcs, diameter. velocity and initial and final 1empcratures. 

FIND: Travel distance and ,cjccccd thennal energy. 

SCHEMATIC: 

ASSUMPTIONS: (I) Constan1 propcnies, (2) Negligible nidiatioo from space. 

PROPERTIES: Droplec (given): p a 885 kg/m3. c • 1900 J/l<g·K, Ir.= 0.145 W/m K, £ • 0.95, 

ANALYSIS: To assess the sui1J1bili1y of applying the lumped capacuance me1hod, use 
Equauon 1.9 10 obialn the maximum radiation coefl\cicnc. which cor,csponds to T = T,. 

h, = roTf = 0.9S><S.67x10-aW/m2·K4(500 K)3 = 6.73 W/m2·K. 

Hence 

B' = h,(r0 /3) = (6.73 W/m2 ·K)(0.25xHr3 m/3) = O 
0039 1

' k 0.145 W/m·K • 

and the lumped capachnnce method Cll/1 be used. From Equation S.19, 

,- L _ pc(1tlY/6)( I I) 
- V - 3£(llD2)11 Tl - "if 

L= (0.1 m/s)885 kg/m3(1900J/l<g·K)O.Sxl0-3 m ( I _ I )_.!_ 
18x0.9Sx5.67xltr W/m2·K.'- 3001 SW K3 

L=2.S2m. 

The amount of energy rejected by cocb drople1 is equal 10 1he change in ics 1n1emal energy. 

3 (Sxlo-4m)3 
E; - Er= pVcCT1 -Tr)= 885 kg/m 1<•~---,,-~ 1900 J/kg·K(200 K) 

6 

E; - Er= 0.022 J. 

<l 

<l 

COMMENTS: Because some of the radiation emiued by a droplet will be in1erccptcd by other 
droplets in the stream, the foregoing analysis overe§timn1cs 1he amoun1 or hea1 dissipated by 
radimtion 10 space. 



PROBLEM 6.1 

KNOWN, Variation or h, with x for la.mioar How over a flat plat.e. 

FIND: Ratio or average coellldent, ii., to local coefficieot., h., al. x. 

SCHEMATIC, 

ANALYSIS: From Eq. 6.S, the average value or h, between O and x is 

h- l J' b d - C J' -1/2 dx x e:.- zX-- X 
X O X 0 

b, - ~ 2x1/ 2 = 2ex-l/2 

h, - 2h1 • 

Hence. <l 

COMMENTS: Both the local and average coefficients decrea.se with increasing 
distance x from the leading edge aa shown in lhe sketch below. 

I, 



PROBLEtvf 6.2 

KNOW N: Variation or local coovrelion coeffide.ut with '- for frN! convettinn from a 
vertic•I Leat.d plalt. 

FtND: RaLio or aver-act lo l1Jcal convr-ctioa coefficient. 

SCHEMATIC: 

r. 

t-1~- Boundorr. l•yer
1 

J,~ a C • • ¼~ where 
C ,.s c, COn$tan t 

ANALYSIS: From Eq. G.S, ii (ollow• that the avoragc «>efficient from O to x is 

h- I 1 • h _,_ C 1 • . •I• d 
1 •- sux •- X X 

X O X 0 

ii, - ~ .£ x31' - !_ C •-•!• - ~ h, . 
3 X J 3 

He.nee, h, ◄ 
-=-. 
h, 3 <l 

Tbt vMiations with dlst.ancc or tbe IO<'al and average convcttion cotffiril'uL<1 are- shown 
in the •lcctcb. 

1,,, 1,,, - 1' 1,, : .3 ,,_ 

C 

osc ·¼ n, ,c. ~ 

0 ' 3 X 

COJI.IMENTS: Note 1h,u ii,/1,, = 4/3, indcpondenl o( x. flenco the ,vnage 
coclfici•nt for an •ntire plalc or 1•.aglh L ii iiL - ; hL, wh,re h1, ii the local ca.,fficient 

at 1C - L. Note also lh•t lhe average ,zcud.t the local. \Vhy: 



PROBLEM6.3 

KNOW N: Er;p,..,,lon for the local heat tranafu coelllciont of a circular, bot gM jet •t 
T.., dittd,ed normal lo a circular plate at T, of radius r0 • 

FIND, lleat transfer rate to lhe plate by conve<:lion. 

SCBEMATIO: 

,---;..,+.,..... --0 

r 

ASSUMPTIONS: (1) Steady-state condlllous, (2) Flow ls axlsymmetrlcal about the 
plate, (3) For h(r), a and bare coruitaot.s and n + -2. 

ANALYSIS: The conv..,Llvc beat lranafer Bte lo the plate follow, lrom Now1<>0 •• law 
of cooling 

lie.,, - J dq,.,., - J b(r) • dA • (T00-T,). 
A A 

The local heat transfor c:oellicient ls known lo havo the form, 

b(r) =a+ br* 

and the dlfrerenLlaJ area on the plate sur£ace ls 

dA=2.- r dr. 

Hence, tho boat rate 11 

'lc.,, = 1•• (a+ hr")· 2,rr dr • (T..,-T,) 
0 

<l 

C OMMENTS: Note the importance or the ... umpllon requiring D + -2. Recognl•• 
that practically, we would expect the radius o( the jet to be much smaller than that or 
lbe plate. How doos the tbiclu,""" of the boundary layer vary with plate radius? 



PROBI,EM 6.4 

KNOWN: Di.9tribution of local convoclion coef5e1ent for obstrucLcd p:u-nllel llow over 
a llnl plate. 

FIND: Average heal lransfer coefficient nnd ratio of average lo local at the trailing 
edge. 

SCHEMA TIO: 

/,,_=0.7+J:S.6x ·:S4x' 

=!~~~~~ - ~ L = 3m-----,.i 

ANALYSIS: From Equnlion 6.6. the a,·crage convcclion coefficieol (\V /m' K) i• 

- llL llL 2) bL = "[ 0 h,dx - "[ 
0 

(0.7 + 13.6x - 3.1x dx 

- I l 
hL - "[(0.7L + 6.81} -1.131 ) -o.7 + O.SL - 1.13L' 

bL -o.7 + 6.8(3) - 1.13(9) - 10.9 \V /m'·K. <J 
The local coefllcienl nl x = 3 m i• 

hL - 0.7 + 13.6(3) - 3.4(9) - 10.0 W /m1 ·K. 

Hence, 

<J 
COMMENTS: The rosult bL/bL = 1.0 i.9 unique to x = 3 m and is a consequence or 
lbe exisl<mce of a maximum for h,(x). The maximum oceur,s al x = 2 m, where 
(db,/dx) = 0 and (d2b,/dx1 ) < 0. 



PROBLEM 6.5 

KNOWN: Ti,mpcraturc dmnbuuon m boundary layer for air now over a nat plate. 

FINO: VArtot,on of local convccuon coefficient along the plate and value of average coeffi<;,cnt 

SCFIEl\,IATJC: 

T(>t,y) = 20 + 709-6001:ot 
. u .• 

y 

L=Sm 
ANALYSIS: From Eq 6. 17. 

kaT/ay1,_., k(70X600>t) 
h=--,.--~=+-,,=--::-:--

(T, -T_) (T, - T_) 

where T, = T(x,Ol = 90°C. Evaluoung lat the orithmcnc mean of the fl'CC5trelllll and surfncc 
tempc.nuures. T = (20 + 90)0 C/2 = ss•c = 328 K. Table A 4 yields k = 0.0284 \V/m•K. Hence, w11h T, -
T =70°C=70K, 

h A 0.0284 W/ ,n K(42.000x)K/m s 17,(w/m' K) 
70K 

ond the convection coefficient increases hnearly w,th x 

100 

Sc 85 
N 
E 

i 
.<:; 

0 
0 1 2 3 

lt (m) 
The average coefficient over the range O .S x .S 5 mis 

' - '1' 111• 17 h=- hdx=- xdx=- =42.SW/m' K 
L• 5• 5 

0 

< 

4 5 

< 



rKOIILE\I 1,.6 

K \0\\ ~ \"Mwlu,n nl lt,!.'al u1m-c1.1u.ln 4:c.,,ctfl;;1<nl wtth d1•.1ani:c, llom .a hcu11;,I rl.uc \\ llh .1 umtllrm 
1t-mrerit.uu I 

f-f'\O 1.11 .'\n l");JJ1~U1l10 lnr lht: .J\cml!t t.:odl1-.:1chl h1: t,;,r 1he ~e~lllll1 of h:ng1h 1,:- ,, I an lt'fftl, ,,I(' 

.rnJ ., JHJ 1h1 An t',prl!'-, .. wn tor ii .: m tcrmi nf , 1 .lnd, •. ,nd 1hc ,1,cniii:1: f.'.0Cfh..::,cntt1 h .,nJ h . 
Nrc:,pl1nJ1nµ 111 lcntnhs ,, 1111d ,_ •• rc·•rcd1\·clJ 

SCH[ \I \TIC' 
h •c•l/2 , . 

\ .-/ 71 >; l 

I 
h 11, avsrago 
for sect10n 
IC:! • •1 

'2 
\SSL\lPTIO'\S I I I Llm1n..u flo" O'-l!f ., plJtl!' "llh 11n11unn surl;JI.'.~ tclllpCtJlur.: T,, .snd 1:1 SpJuiiJ ,,. 
,J.n.i1u111 ttl (O(.:JI i:,7 •ITT..:ltlll ,, er lhc: f~inn h, = C\ •• whi:rt C 1-. J ,,,n,1,1n1 

,\I\ \I\ "ilS IJI 111c hcJI tr.ln .. lcr rnh.· ptr u1111 "1J1h (nim ;1 hms-11uJm.1.I ,-.«uun. -'. • ''" 1.1.1111,c 
C~f'li:- ~1:'J ,t, 

"-hac h1: 1, thC' i.werngc c:nclftl:1.:n1 for 1hr -.e..:hon ur lcn~th '"· - ,., 
an lt"ffll\ C'I th( luc.il ..:,11.:ffi.:1t:nt. fa1, It,\), .u, 

Comhmmr Lq (11 anJ t~). 

1 ti 1171c. 11~1 rucc g,,·t"n a., Fq t I;. can al\CI be c:,prcv\L-.J ''" 

,1;,~fi.,JT,-T.l-h,,(T, 1. ) 

(I, 

r. 

"hu:h 1i lht dtffi:ri,m:c b.:twc~n the heat rare lur dte plute o\·cr 1he u-~11on I IJ - \:) ,mJ o\ er 1hc ici.:.tll•h II t 
- ,.i C'omh1mn~ E.q1,c II 11m.l 1~1. (inJ. 

h ~ h; '; ... h1"1 
~ \, 

CO~IM I-.Nrs: 111 fo;pte 1h.11. 1r,nn Eq l>.b. 

ii .. ! J'h,J\i= '-f'c'.\ .. .:,h:-=2Cx irt 
~ " ' ,, 



PROBLEM6.7 

KNOWN: Radial dlstribulion of local convection cocfficien1 for flow nonnal 10 a circular disk. 

FIND: Expression for average Nusselt number. 

SCHEMATIC: 

---1> 

V ---1> 

--t> D 

ASSUMPTIONS: Consl811t properties. 

ANAL YSlS: From Equation 6.5, the average conveclion cocJ'ficicnt is 

_ kNUo [ r2 ar""2 ] '• 
h=-- - +---

r; 2 (n+2)r.:' o 

where N11o is the Nusseh number at the stagnation poin1 (r = 0). Hence, 

Nu = iio = 2N [ (rlr.)
2 

+ a (.!..)n♦l] ,. 
D k Ito 2 (n + 2) ro o 

Nuo = N11o[l + 23/(n + 2)1 

Nuo =II + 2a/(n + 2)J0.814Reo1nPr°36. <l 

COMMENTS: The increase in h(r) with r may be explained in terms of the shllrp cum which 
the boundary layer flow must make around the edge of the disk. The boundary layer nccelcrntes 
lllld iis thickness decreases as it makes the 1um, causing the local convection coefficient to 
increase. 



l'ROKI -~ \I 6.K 

h '()\\ ,: C,,n~..-.:uon t1•rrcl.alJu11 .mJ tl·mpt·r.uur(! or :.in •mrmi:-m)?' .ur lt"I Otmc:m1,;tn, .m;.J 111uwl 
l'-"mr ,•tJIUI~ i>I :i ht.il,..J et>prcr J1,~ r•ropcrl1t'S (lj lt\ie .ur anJ rc•rJll:'r 

n' I); f:I lc:..:t uf jet wlu,::.llJ 11n 1m,prr.1.1urt dc,:;a~ or Jhl folloto1. Inf jl:t u11ptni-c·1t11" 111 

S(lll.\UTIC-: 

• 

'1",.. 

Air Joi (T.= 300 Kl 
V• 4 20, 50 mis 
u • 33.8, 1o-6 m'1s 
k = 0 0407 Wrm•K 
Pr=0684 

;:::.~-,..::;-~-~-~~~- ' 
: I COl)pe, 

p = 8933 l<glml 
e, • 425 J/1\g·K 

• ... __ . . , I 
I 

• •Lc0025m 
• k= 3B6Wlm-K 

, .-oe I • 
, . 

r, = ,ooo K, r,= •ooK • I L------------
~ •. -'. •. 'l 'I. •.·'l"'i. • ~ l"' '".f. ' 
- 0=005m -- • 

\!'>St \ 1 PTIO~ S; I J V .ihJII) 01 lumr,cd ~ .ti,..1..:11..&nLe anah ~.,, 1.! 1 'ic:F!hiit'ik hl'.il 1r.in,lc1 hi ,111 t-1Jes 
.ind '1,,11, ,::· ,1! J1•l 1.') C,,n,t.tnl rr~lci 

\ 'IA.L \'~b: Pc'11vmm~ .in i:nC"fl!-)' h.u.mce on 1hc J1,l. 11 1<1ll0", 1h.11 
l:., .•\.i;i.JTJt A,h,f'..., .. lf~,J Hcn~\l.llh\"-,\L. 

JT MT-T.),h,(T-Tvl ---J, 1-1..l 

v.hc-11: .. h, t.ttlT,T..,KT', r~141nJ ft"111tht~olum,nri,P1'\•M("Mlf1,7. 

- l•~ Ii.• h 
h•- .'\uu•-11•-IO~l-lke~ P1"' 

ll O 11•:'.' 

\\ ath ,1 • cl \fJ .,nJ n • 2, 11 1,1llov.\ 1h.u 

h • t l O)U 1nt1 Rei_. Pra • 

,,.,hl.·rc- Rcr • \ ll/\- t ·,r;,nt lhc / .m,,...J Cur,,dt,11"~ ii, ,/..tor JHT 1hc fo1l1JWtnJ 1crnpc1.-1u1t• hhtc1rh . ., 
""ffe' J( IC'tmUlt'd 

! 

l 

- -----... .. 
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• 

-···-- .... ..... 
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PROBLE~I 6,8 (CooL) 

The temperature decay becom<,s more proooonced willl increasing V. '1nd a final temperature or 400 K is 
reached at 1 = 2760. 1455 and 976s for V = 4, 20 tllld 50 mis, respectively . 

COMJ\1:ENTS: The maximum Biot number, Bi= (ii+ h, )L/kc,, is associated with V = 50 mis 

[maximum ii or 169 Wlm' K) and 1 = 0 (rna."mum h, or 64 Wlm'·K). m which case the maximum Biol 
number ,s 81 = (233 W/m2 1{)(0.025 m)/(386 Wlm K) = 0.015 < 0.1 Hence. Ille lumped capaci1ancc 
appro<im•t1on ,s valid. 



PROBLEM6.9 

KNOWN: Fonn of the ,ctocuy and 1cmpcn11urc profiles for llow over a surfa,c. 

FIND: Expressions for the fnction and convection coefficients. 

SCHEMATIC: 

y y 
\_-..\--~~-::Tl~<y~):D,Ey~Fy'-~Y3 

ANALYSIS: From Section 6.2.1. the shear SIJ"CSS 01 lhe wl\JJ 1s 

t, = µ ~) = µ [A+ 2By - 1Cy2Jr-0 =Aµ. 
y y-=(1 

Hence. lhc fncuon cocfficicn1 has 1hc form. 

t, 2Aµ 
Cr= -=-- = -,.-

pu:./2 pu?. 

2Av 
Cr=­u?. 

From Sccnon 6.2.2. the convection coefficieni 1> 

-kr(ilT/ily)y.,-0 -kr fE + 2Fy- 3Gr2 lr-o 
h=----'--=-----=--~-T,-T_ 0-T_ 

-krE 
h= 0-T -

r.' T(o)•I> 

<l 

<l 

COMMENTS: It is a simple mauer to obrnm the 101porwn1 surface p:irame1ers from 
knowledge of lhc corresponding boundary layer profile llowevcr. 11 1s rm,ly a simple ma11er 10 
dc1cmunc lhe fonn of 1he profile. 



PROBLEM 6.10 

KNOWN: Surface 1cmpc:ra1ures of a steel wall and temperature of waler flowmg over lhe wall 

FIND: (a) Convection coefficient, (b) TempcraturC gradient in wall and in water at wall 
surface. 

SCHEMATIC: 

ASSUMPTIONS: (I) Steady•su11e conditions, (2) One-dimensional heat transfer in •• (3) 
Conswit properties. 

PROPERTIES: Table A•/, Steel Type AISJ 1010 (700C= 3431(), k, = 61.7 Wfm·K: Table A-
6. Wnict (32.5°C = 305K), kr = 0.62 W/m·K.. 

ANALYSIS: (al Applying an energy balance Eq. 1.12 10 the conuol surface a1 x=O. i1 follows 
tha1 

• • 
q,.--Q, ...... =o 

and usmg the appropriate ra1e equations, Eqs. 1.2 and 1.3a, 

T,1-T,. 1 
k:, L = h(T,. 1-T_). 

Hence. 

h=~ T,.2-T,.1 = 61.7W/m·K 00°C , 
L T T O 35 IS°C = 70S W/or•K. ,.,- - • m 

(b) The gradient in the wall al the surf a.cc ,s 

(dT/dx), =- T,,z~T._, =-O~~ =-171.4°C/m . 

In the waler a1 x=O, the definition of h (Section 
6.2.2) gives 

h 
CdT/dx)r.,..o =-krCT,,,-T_) 

705 W/m2·K 
(dT/dx)r.,"° =-

0
_62 W/m·K (IS0 C)=-17,0S6°C/m. 

COMMENTS: Note n,lative magnhudes of 1hc gradienis. 

100 

T('C) 

-90 
2S -------

0 ,c(m 

<] 

<] 



PROBLEl'-1 6.11 

K:-10 WN: Boundary layer 1empcrnmrc dis1r1but1on. 

FIND: Swfotc hClll flux 

SCHEMATIC; 

_____ _:l 1-:'.:__:'.~__:--=_:j~i](rl·Ts ,J trp(Pr u.Y) 

7:. K T.·T., V A, r, ..,. 400 _.. 
u.,,/v = sooom·' _.. 
Pr ,0.1 -;, 

PROPF.RTIES: Table A-1, Air (T , = 100K\· k = (l.02b3 W/m·K 

Ai'AL YSIS: Appl>•ing Fourier's low at y~O. 1hc hca1 llux i< 

r,. ,300K 

q; =-k !; lo:() =-k(T_-T,) [Pr'::-] cxp[-Pr u:y] y=41 

. u. 
q, = -k<T--T,l Pr -

V 

q; =-0.0263 W/m K IIOOK) 0.7 • .'.\000 1/m 

. ' 'It = -9205 W /m·. 

COMMENTS: ( I) Ncgauvc flu, impllc, convecuon hc,11 rran<fcr to 1hc ,urfocc. 

(2) Sotc use ofk .u T, 10 evaluate q; from Fourier·, law. 

<l 



PROBLEM 6.12 

~,owN Air no"' O\.tr n. fl:at plllte of lcn31h L-=- Im undcrcundi1aon.1 for ""hich •~uloo from 
lo1m1mu to 1urbulcn1 now occur, at x. = O.Sm ~ upon lht cnuc:a.l Reynolds number. Re~ . .., Sx 101 

Form for the (OQ.l COO\·cction cocffic1cn1,; 1n 1he l1m1n1U' Md 1urbulr:n1 rcg10tU 

nND (1) Velocity of the air flow usang thc-rmophy,Kal propcnlc, eva.lu~ ,u 350 K. (bl An r•pres.sion 
for the .'.l\ctu11e coernc,cnt h.,bJ, Iii 'il (unction 0, d11Wl« rrom the lc;.uhng t"dar, "· (or the IAm.tOJ.r 
rq.Jon. 0 s" 'S :t., (c) An exprus1on for the J.1\'cragc coefTicu:nt h1111.(x). lb a (unction of dlll&ncc from 
the Juchng edge. JC. for Lhc turbolenl region. A. ~ Jt SL. 11.nd Cd) Compute Md ploc lhc loc:aJ .uid 111-'Cntge 

con\'ccuc,n cocfr.:,cn11, b, and h,. rc-.pech~cl)', u A func:0on a.f x for OS x SL 

SCHEMATIC 

t.•-

,22z2222222222zzzzzzzzzzza 
L., ...,,,.,.-L. ,_, I .. L • 1 m 

\.SSllMP110SS (1) Fomu for lhc Joclll cocfrtc,cnb ,n the 1.tm1niar 11.ud 1urbulcn1 ~,1011~. b-., = 
C...,., 

1 
.ind h,.., = C.X 11' 'whe:rt: C.._a 8.8-'S W/m1 

~'. C..,.-.49.75 Wtm' K°', IDd X hlb umb (ml 

PROPt;RTIES: Tab/, ,I~. Air IT= ,50 K) k • 0030 W/m K, V= 20.92 x 104 m'ls, Pr =0.700 

ANALYSIS 111) Uiing 1urpropenic) cv1lu1Htd :at 350 K .,..,th 1., • 0..5 m. 

1,111,c a\t::tagc c:ocJflck-ni Int~ turbuJcm region,&.. ,s x .s L. as 

i; '•> = .!.[,c ••• + 1 & (••• - •"l] 
.... , ' - ... ' • -- t 12) < 

rd) Th.: Joc.1-I und l\"("ntgt coe:mc1cnl$. ~~ C I) and ( 2) .i.rc plocltd brlow as -:t funecion or k for the nogc 
ns,,;L 

• 
[ 

I 
J 

-== t:= =.·:--·. -~-.... ___ , .. _ 



PROBLEM 6.13 

KNOWN: Air speed and temperature in a wind tunnel. 

FIND: (a) Mmtmum plate length 10 achieve a Reynnld< numhcr of 10~. (bl Distance from 
leading edge at which tmn~iaon would occur 

SCI lEl'tt A TIC: 

"c 

ASSUMPTIONS: I I) Isothermal rondiuon,. T, = T -· 

PROPERTIES: Tobit J\../ , Air, (15°C=298Kl: v= 15.71xl0-~mi /,. 

ANALYSIS: (a) From Secuon 6.3. the Reynold, number 1~ 

pu_x u_x 
Re.=--=-

µ V 

To achu;ve • Reynolds number of Ix Io'. the minimum plate length is then 

Re_v lxl08 (15.7lxlo-6m~/s) I.,,,,. = --= __ ....;......;.. ___ _;_C'-

u_ 50 ml~ 

I.,,,,,.= 31.4 m. 

(bl From Section 6.3, the point of transnion corresponds 10 

Re,..v 5><1o' (1571~10-6mZ/sl 
~= ----'--=----~ u_ 50 mis 

-<.,=0.157m. 

C01't11'tfENTS: Note that 

I 

L 

<J 

<J 

This e,prcss,on may be used 10 quickly establish the loca11on of transiuon from knowledpe of 
Rc•.c •tnd RcL 



PROBLEM 6.14 

KNOWN: Transhion Reynolds number. Velocily and temperature of a1m0sphcric IW". water. 
engine oil and mercury flow over a Oat plate. 

FIND: Distance from IClldmg edge at which trnnsition occurs tor each Huid. 

SCHEMATIC: 

Flu,d, ::::: ~ ,., ____ .,L..--------_-= ~T•300K 
u.,,,J ,,;., 1...-------- t:' 

ASSUMPTIONS: Tronsuion Reynolds number is Rc..c = 5xl0S. 

PROPERTIES: For the fluids at T = 300K: 

Fluid Tab/11 v(m 2ts) 
Air (I aim) A-4 15.89><10"° 
Willer A-6 0.8S8xl0➔ 
Engine oil A-S S50xlo-6 
Mercury A-S O.l l3xl0-6 

ANALYSIS: From Section 6.3, the point of transition is 

V 5xl0S 
X. = Re. C - = -:-....,... V • 

• u_ lm/s 

Substiruting appropriate viscosity values, find 

Fluid x.(m) 

Air 7.95 
Water 0.43 
Oil 275 
Mercury 0.06 

<J 

COMMENTS: The distance required 10 achieve u-ansiuon increases with increasing v, due 10 

the effect which viscous forces have on auenutuing the inslllbilities which bring about 
transition 



PROBLEM 6.15 

KNOWN: Two-dlmen,ioruu fluw condition, for which " =(land T = T(yj. 

FIND: (n) Verify that u = u(y). (bl Derive the x momentum equ.ttion. fcl Ocrl,c the energy 
equ:mon. 

SCHEMATIC: 

Pressure&. c;hear (orcc-i. Energy Rux-es 

\SSU\1PTIONS: II) S1=Jy.,iau: condi11ons, 121 lncompre«1blr tlut<l with ,·on,1.1nt 
propcmc.,. (3) Negligible body forces. (•l) • =0, (5) T: T(y) <,1r dT/u,; 0. (6) l11crmul encl'];)' 
gcncral1on occll.r.s onl)' b} vi"-COu~ disssp11uon. 

ANALYSIS: (n) From the conunuhy cquauoo, Sc<linn C,4 I. It rolll'W> from the pre,..,,;t,cd 
condttions thnl uu/il< = o. Henc,: u = u(y\. 

(bJ rrom ~cwIOn·s ,ccond lilw of mouon. ! F, = tRtuc of increase nf Hwd m<lmen1um>-, 

~- [p+ *ch l] d~ 1- [-1 • [, •; tlyJ] w. I• {rputu • ;, (cpu"1ldA}dy·I -Cpuh1 tl1 t 

ficncc. and w,th , • µlciu/Jy), 11 follows lh111 

<l 

(c) From 1hc c(mscrv11uon or energy rcquucmeni 11.nd the prcK:ribcd condlnon~. n fnllom 1h:u. 
E. E....,,:,O,or 

or, 

{,-,•!'"'"""•"'"'•'Ill• .t ,.,.~•"'"Ii<•/"'' [~•• i• t [' ~] ,] ,•••• 
d(no - 1... Ir••-.,!!. IP• i< • u't.!1 I• 1... [l clT] • Cl a., a1 ,~, a., ~Y 

: :; + u: .. u ~ , \ :J- 1.0 

Noting Lhat lhe ~ond and 1hlrd lcnn\ cancel fram the mom,mtum cquauon. hcni:t 

<l 



PROBLEM 6.16 

KNOWN: Oil propenies. journal 311d bearing 1cmpcra1urcs. and journal speed for a lightly 
loaded journal bearing. 

FIND: Maximum oil 1cmpcr:11urc. 

SCHEMATIC: 

B•or,ng 
Jo,,rno/ 

JourTldl~ 

T..-•o·c , .,,,. 
u,10 .. ;. 

ASSUMPTIONS: (I) S1cady,s1a1c conditions, (2) lncomprcss,ble fluid with conswm 
properties, (3) CICJ!ntnCC is much less than journal radius and Oow is Coucttc. 

ANALYSIS: The tcmpcrarurc dislribuiion corresponds 10 the result obauncd in the tcxi 
Example on Coucttc now. 

T(y)=To+ ~ u 2 [t-[t] 2

] . 

The position of maximum tcmpcra1urc is oblllined from 

dT =O= ..!!.. u2 [.!,_ _ 2l_] 
dy 2k L L1 

or, y = L/2. 

1be temperature ls a rtlllXimum at this point since d2T/dy2 < 0. Hence, 

T.,..=T(L/2)BTo+-U --- =T0+-µ 2 [ I I ] µU
2 

2k 2 4 81< 

T mu = 40.83°C. <l 

COMMENTS: Nore that T mu Increases with Increasing µ and U, dareases with rncreas,ng 
k. ruid ls lndt{Hllllknt of L. 



PROBLE!\-1 6. 17 

KNO\YN: Dlamcicr. clearance. mmdunal ,peed and fluid propcntcs of a lightly lo:nkd joum'11 
bcannf. T empcnnun, of bcanng. 

FIND: (al Tcmpcrnlllre dismbuuon ,n the lluid. (bl Rate of heat 1n1n,fcr from bearing and 
ope.rating power. 

SCUEMATIC: 

l•IUSmm 
0,J u(y)• U(y/L) 

ASSUMPTIONS: 1 I J Stendy,,m1c condillon,. (21 lncomprc,.,hk llu1d wuh consi,1111 
propcruc,. (J) Couc11e Row 

PROPERTIES: 0,1 iGivenJ: p = 800 1.gtm1

, v = 1o·>m:/,. ~ = O I:\ \Vim t-. µ = /1\' ~ Mdll •

1 

kg/i·m. 

ANAL VSIS: (nJ For Coucnc flo,., the vcloc11y ch.smbunon is hncor, u(y) = l'(y/Ll, and the 
cne:r~ cqunuon 11nd gcncrnl form or the 1en1pemrnre dhaibution :m: 

k d'T =---1• l'du]' •-11 [.!,!_]' T=-J'_ I.!!.] r .~y-c, 
d·' dy L ::,. L ~ 1 • • 

C,,~sidcring 1he bounCLU) cond1uon, dT/di·lFL s O und T(Ol = To, find C: s lu and c, = 
µU·/L llencc 

T•T,1 • C)lu')/1< [fy/L1- l/2(y/Lt'J. 

lh) Apply1np l'<1uncr'< la\\ at >•U. 1hc r:11c or heal 1rnn,fcr per unu lcni1h 10 thc hcanng" 

• • r DJ dT] -ft,~ 7, 10., 1 k.'<Hl-1 kg/!1 m I l4.1J mt,)
2 

q •-• II' - e-11u., • l1tll' -'" Jn -r 
dy ,.. 1. O.z.5'lll0"1m 

where the vclochy i., dercrmincd us 

lJ s (D/2.lld,. ll O]?jmx.\600 ,c,/nun, !r: rad/rtvW(60 llmanJ = (J 1.1 mis. 

The JOuma.l pc,wer requ-iremenr l"' 

r·.-F; 11U t.,~ 1 :rtD·U 

P :s ii~.2.Slt~·m tr..)( 1, .... ur'm1 14 1.am,M • (j(}7.S.lf mts1 1507 !i W/m 

when: 1hc !1-ht:a.r strcs, Ill}-= l. 1~ 

II ' [ 14 14 111/1 l ' t.,...i -µ(ifo/iJ)Jy,1-µi -=-lhdO kj!j>m O.l5 ... IIT'm J.5~k@.lt. m. 

lSOl S Wint 

<J 

<J 

COMMENTS: Note lh~t q , P, 11,hich Is ,on,i,u,nt with the energy con<crs1111an n,qu1rcmcnt 



PROBLEM 6.18 

KNOWN: Conditions auocin1cd will1 the Cooc11e now of.,, o.- water. 

FIND: (a) F°""' and power rcquircmcnis per unit surf'IICC area. (b) Viscous dluipauon, (e) 
Maximum fluid tcmper,,rurc, 

SCHEMATIC: 

L•S~ 
.. •U(ytL) 

ASSUMPTIONS: (I) FuUy-developcd Coueue flow, (2) Incompressible Huid will1 consttu1t 
properues. 

PROPERTIES: Table 11-4, Alr (300K]: I'= 184 6'<l0-1N·tlm', l = 26.l>c Ur3 W/ln K; Tab/< 11-6, 
Woter C300K): µ •8SSxlO"°N·slm'. k =O 613 W/ln·K. 

ANALYSIS: (a) The ron:e per URII area is IUSOClltcd With the shcar SIJC,S Hence, with the 
linear velocity profile (or Coocuc How t = µ(du/dy) = µ(U/L) 

11/r-

Waro· 

t,. = 184.6xl0-7 N·s/m2 • ~ mis = 0.738 N/m2 
. 5 m 

•~,.•855xltr N·s/m2 x ~~ =34.2N/m2. 

With the rcqulttd power given by P/A = t • IJ, 

11/r• (P/A).,. = (0.738 N/m2) 200 mis= 147.6 W/m2 

(P/A)._ = (34.2 N/m2 ) 200 mis= 6840 W/m2 

(b) The visoous d!ss,p,uon tt µ<I>= µ(du/dy)1 = µ(UJL)2 . Hence. 

Air: (µ<I>).,= 184.6><10-7 ~ [ 200 mis J 
2 
= 2.95xlo' W/m3 

m2 0.005m 

Wai,r- (µ<l>J,..,., = 855xl<r :: [~~) 

2 

= l.37•1o' w!m1 

<] 

<] 

<] 

(c) From 111e .solution 10 Pan 4 or 11,e tCJlt Example, Ille IOC4tlon of the m:utimum temperature 
c:om,sponds 10 Ymu = l.12. Hence, T ,,.0 = To + µ u 2 /Sk and 

Air (T ) = 27°C + 184.6.10-' N,rJml (200 mis)' "'30.S"C <] 
ma"' 8 x0.0263 W/m•K 

Water; rr ) = 21•c 8.SS.10__. N•stm' (200 m/s)1 = 34.0'C 
''"""...,. + 8 •0.613 W/m·K • 

COMhfENTS: (I) The Yt:ICOUJ dissip11ion ossaeilncd with 111e cnwc Ouk! layer, µ(l)(u\), 
mwt CQUIIJ the power, P. (2) Allhough (µ<l>l,..,., > (µ<l>Jau, k....,. > k,. Hence, 
T mu.. tra&cr = T flW..111 • 



PROBLEl\16.19 

KNO\VN, Velocity and tt•mpornturc J1ff,·rco<i· r,f plotcs mnin13iolog Couctte Uaw. 
\le-an tempt•rat.ur,:" or air. water or oil h'-'f,.\\·t·vn tbc plnt.i~. 

F INO: (ll) Pr·Ec prndu,,i fur e11ch Ouid, (I,) Pr·Er product for :iir with )Jlatr· at rouic 
vclorily 

SCffEMATIC: 

7i 7· PJf s bf :tttt a S&idt -+ LJ sJO,,y~ 
A,,; "'41tr; or ~n9mt. 0tl, T: 300K 

To I $2 .t 2 I L Cp,tljjJI# _ 4 _414 

or c 

ASSUMPTIONS: ( 1 J :-t,•auy-slat.· con<lillons, (2) Couetlc ilow, (3) ,\lr 1• al I atm. 

PROPERTIES: Tab/, ,l•-1, .llr (:JOot,. 1:.tm), r0 = 1007 J/k~•K, l'r - 0.707, "r = 1.-1 
R - 2iji'.O~ Jjkg·K; Tal,lc ,1 6. \\'"Lor (:!OOI,): ''• w -117~ ./fl.~·K, l'r = :i.83; Tub/,.-\ s, 
E.n~ioc oil (300l<l. "P ~ lflOO .Jfkg·K. Pr= 6-IOO. 

ANALYSTS: Tlu• 11rodur1 of the Pr~ndtl ond Eckert oumbeu is dimeosioulc,-.. 

''j,. ·; • m· y• 111 .. s· 
A (.1/k~·K)K A (kg m1 /s2)jkg 

3ubstitulin~ nurn,•rir:tl \·a.lue!I 6nd <I 
IVattr 0,1 

I' r-Ec 11.002~ u.ou;;ti 1 a .. 11 

(lt) rur ;ia idc:tl ~a.~, tiu• "l"'''tl uf '-OUfllJ is 

C 9 ( I R T) 

whera• ll, 1be g:,s ,011.i:ant ror air, is n.;.r1 = 8,3 15 kJ/kmol·K/(2S.07 kgfkmol) 
= 2l\7,0t Jjk,:·K. llcoce, •l 300K for air. 

l' - r ~ (1.1 " ~~. lJ2 J/k~·K ;; ~OoKi' = 317.2 m/•. 

For ~onir velodiit"!II. it follows lhnt 

Pr·Ec ~ 0,707 f:Hr.2 111/•l' = 3.3~ 
IOOT ,1/ki; K >< ~51{ <I 

C0!\.1.\IENTS: from I.he nbovc """Ila it follow• ,hot \'ISCOU$ rJil;sipatloo cOcct> must 
ht: c.·nnsiildNJ in the high spt·1'd llnw or gn....-«-·s n..nd ia oil llow~ n, mocler:iLe t-peeds. Fnr 
Pr·Er to ht• I= thiUl II.I in nir with JT = 25 • C, l' ,hou!ol be~ oo 111/J. 



PROBLEM 6.20 

KNOWN: Coucnc now with moving plate lsothemw and slllUonJlt)' plate 1nsulA1cd. 

FIND: Tempemurc or smdonJlt)' plate and heat flux at the moving plate. 

SCHEMATIC: 

L 

:1 
,, -u 

I-__ / 
t'7'~ u/y)• U(y/L) 

ASSl/MYl'JONS: (I) Su:ady•Slltc conditions, (2) lncompres,ible flwd with conSL1111 
propenies. (3) Couc:1u: now. 

ANALYSIS: The encrgy cquauon is given by 

Oct[1t]•~[~]' 
Integrating twice find the general form or the tcmpcnnure distribution. 

i;}•-f [~]' f•-f [¥]\+ct 

T(y)a ~ [~]

1

r+Cty+C, 

Consider the boundary coDditions lO evaluate the consianis, 

ilT@yl,..,~o-+ c,~o m1 TCLJ~T ...... c,=TL+fu' 

Bence, the u:mpcnuure distribution u 

T(y)•TL + [~] [I- [t]' J 
The tempcn.uue or the lower plate (r-0) is 

T(O) =TL+ [ 1'2~
2

] 

The hcot Hux 10 the upper plate (y=L) 11 

• ilT l!..!!: 
q CL>~-1c arr,.._~ L • 

<] 

<] 

COMMENTS: The he4I flux at the top surface may also be obtained by intcgmrlng the Yi<COUS 
dlssipadon over the fluid la:l"r height. For a control volume obout a unit areo of the Huid !Ayer. 

Ea=E:. t.µ[~ ]' dy•q"(LJ q"(L) • µ~' 



"'0\\ I\ , 1uc11l• 11""" "'''h h-co111ri1n,1cr L,mcr 11nrnl,itr1H pl.11e ml,\t"' \.i.llh ~f'('l•J l' .i.ad 1111rc:r rllh: 
h •1..iu .,11.1.t' '1th rro.crih,:d I he rm.al L--Ondu..:ln II~ .,nJ 1h11,, l.nc,.. l}ucc, "Uffa~ t.: ; •t urrl'I r,IJIC mamLIIOt"d 

11 '-\ 1.1n1 h.•11111o.ra1u1L•, T ,-; J1rr 

11'\ll 1a1 «'lo T--:r coorJ1n.11c,, ,tt'h.:ti 1h.: 1c111pem1ur~ dnmhut,l,n 1n the <'11 .mJ the ,ut1t•1;.U) rl.J.Lc: .inJ 

.~, ,\n l''-J\fi:'\ton hU 1h~ h:mrl•f-.tlUrt" at tht' lt1v.er JUJ1.a.:c of die 111111lm T,n, = r IO term, or the pt~h." 

pc;c"\J I 1 11·,- .. 1..11,rn.11)' rl-tk r,uJmC'l'-"N '1 op• ~ ..... L..1 .t.nd the 011 r.lJJll!t"h!'n Ill.. l L l lk~m,1111!' th•~ 
l••mr ·r;1hu• 11 lhc rn::"""nlt.eJ ,l'ndiUon, 

~( Ill \1 \ Tlr 

y ' 

0 

;-Slationa.ry PIiie IJP) 

- T.u:i-=400(: 

,,,,, ... ,,_,,, ....... ... .................... , ......................... , ,,,, ... _______ , __ _ _____ , . , ............ , ...... 
,,,,,- Oil lOI .. ,,,,,'­,,,,,.., .......... , ................. 
.............................................. ,, , .......... , .... ,, ..................... , 

11,., ~ o 14!1 w,m, K 

~ • 0 7iP '<l-1:ml 

""""-l""'""'"'"'.,.""""' ·:..:,.:,.:.:f.- u • 5 m,'' 
r 

, 

... 

r,. 

~~l '1,rnt)'I!-, I ) S10:.ni)•"11il,[C ,11nJ,11nu~. ''.! I .. ull> dt•·•dopcii Coucuc tfo .... o1m.t ' 1) ln.:omrn.·h1tilc: 
nt111J ...,uh on~1;tn1 rr•'r<"ni.t• 

·\" \J \ SI, , .1) Th.L: tc:m~r.a.1mc J1,.1nt•u11~111 h "ht•~n .,,oo,c 1,uth 1hc~c }.~\· lc.11urt>• l111c.,,, m rli&1c­

r.u 1111.111.., .-n 011 film. dt1"Lnn11m111v .,, rtatr (111 lrll~fJil(L\ ~nJ l..:h, !1,rJd1c111 .11 lo· ... l11•l.t1t" rnrl.1~1,• 

1111 J hlm f-,:1111rl1• t, -1 1ht-i;e-ncr.d t.l1fuuon tu tht! .:on.,c1\Jh1•11 c--iuJJlun .. 111r 1hi.-1trnr<-ntu1c J11-1ntiu11011 
in 1h~c1I 111m 1, 

JT I 
Aly&: ) +n~uluti..-J hrunJ.ar) 

d~ J ~ 
Al\'• l- hl'Jl llu,i:~ In ~II .mJ fll.t!.1! JIC C'lUJl. 

,r ' 
I 

J, I 
' . ' 

U 4 U 
.. \ =•-- -

.:~-.. \'· 



PROBLE M 6.21 IConLl 

He:nc~. the tcmperiuun: d1stnbuuon nt the lower surface 1s 

T,(0)=-A O+C, 

T,(O)=T.., +Lu1 (1+2 l• L,,,J 
2k, L0 k., 

Subsutunng numcncal values. find 

T(0)=40'C+ 0?99 N-,. m' (Smfs)'[t+2~x~]=tl69"C 
' 2x0.l4SW/m K S IS 

C'Ol\'L\ IENTS: ( l) G,-c a ph)'5tcol c•planauon about why the mwumum t<mpcratun, occur, at the 
lower surface. 

< 

< 

12) Sleich the tempenuun, distribuuon ,r the upper plate moved wuh a speed U while the lower plate " 
stauonary and all other conditions n:m31n the some. 



PROBl .1:\1 h.l~ 

h.1\0\\, ~hJH 01 J11U1'1(tt:r 100 mm 1e>1.i.11n~, .11 9000 rrm 111.a J1•11m.1I bomn~ l'f 70 11un ll-n!,!lh 
I 'n1l1•rm i:...1r 11t I mm !-cp.-r.ati!-. lhc \h.tll .mJ hl.'.i.1!111~ lilkd '-'- uh lulin.:.im t Juu:1 \t.1rfaa ol 1'11:.i.nn~ ,,. 
\\.tlc-r , ·•kJ .. mJ n1.un1.11ni:J Jt r ., ~ \O'(" 

Fl'\11 ~-11 Vtf.cnui Jh,1p.nH,n 1n 1h~ turr11:.1111, µcll(\\'/111 ,. d,) H~ai tr.111-.1errJ1t: trom th.: lu~M1.. .. Ju1. 
,, .... 11mm1, n· ht".U 1ml throu~h 1b~ .. halL Jfld 1.:1 lcmpct.ttu1a oi 1hc bl!.lt1ng .i.nJ -.h.111. T.,, .uiJ T 

~l UE.,L\fll 
y(mm/ , ~ Bearing 

~ ,.. r. 

Beanng. 
kb= 45Wlm•K 
I= 70mm 

Shah, 
D1 = 100 mm 
N= 9000rpm 

,. 

-
- 00 =200mm-

/ 

-----~----

0 

V 

lubncant 11 = O 03 N·sim2 
k = 0 15 Wtrn•K 

Wator-eoolod surface 
r =3o•c 
~~ 

\ ~S l 1\1 P' 1 H),, 1 I Sic .j_,J~ •'-I.ah: i.:0111h1111111;, I~) r-ulh Ji:"' ,:fopc:J C uuc n-.· II'-'\\ . 1 H ln.:omrrc" .. 1hlc 
llu1d 'llh •rM,1nr prnrcn1~,.. .ind• 4, ~~!-!hi;1Mc hC',U 111,1 1lm,11ih 1hc 11h,111 

\ 'l \I , s1, Jl TI1c '"'..:rnn J11iMp:1iM11, µt11. Fq ti -1<1, for C<'lJt'llc lln" lrom E,.1mple ,, -l ,~ 

iduj· IL\ • f .lJ,Jm., ]' • f µtt•~1 - cJ,&:- :l11JJ1' Im - ~hb~(1--. JO \V 111 
d~· 'L1 Ull011n 

Yihc1i: the \.:ltxu~ ll1~tt1tmH11n 1:1. hnl'.ir ,mJ th~ unrtnt1.JI \~l(\,u~· ri1 1hc ~ha.JI i, 

I .=. -:rr>N = 11U 1nom 11o.4/JOOrpm:-:11nrnthtJ\l = -111 m,, 

I ht TI1c lir.11 trJn'dt•r r-.th: frotn tht: lubnc;&nl , 11lum\! 'r/ thrf1U~h lhc hc11tlnt 1, 

< 

11 =utt, V...rud>:iil> l ,)=-(1h~xJO .. W/m'ui:')(n ltl0111,cO.OUJ11u<ll070nq 1-H,:!\\ < 
•h~h.• =- "'.'O 1nm ,,. 1hc ko~1h ,11 1hc l't'.inn~ num1Jl h> 1hr ra~c 

c."ontmuctl 



PROBLE~t 6.22 (CouL) 

(c) From Founcr·, law. 1hc hem nstc through the ooinng macenal of inner :rnd ou1er d1ame1tr,, D, and D,, 
and thennal conduc11v11y k, IS, from Eq. (3.27), 

2K(k.(T, -T • .) 
q, = ln(D./D1) 

1'. = 1'. + q, ln(D0 /D,) 
• ""' 2rtlk • 

1'. = 10.c+ 1462Wln(200/IOO) =su·c 
' 21tx0.070mx4SW/m K 

To dc1trmanc the tcmpc,rnuiro of the thaft, T(OJ • T,. first lhe 1empcra1ure d1s1nbuuon mus, be found 
beg1nnmg wnh the general >Oluuon. Example 6.4, 

r{y)=-¾(~)' y' +C,y+C, 

The b,xmd•ry cond111ons arc. •• y = 0, che • •rfac,, is ad1abauc 

dT) =O 
Uy ,-o 

•nd ac y = L. Che lempc,nuure 1s 1h11 of the bunng, T, 

T(L)=T, = -..!:..(~)' L' +O+C, C, =T, +J:..u• 
2k L 2l 

Hence, the 1emperature dis1nbuuon 1i 

T(y) ct +..!:.. u'(1-r'..) 
• 2k L1 

and the tcmpcrncure at lhe shllf1. y = 0. ,s 

< 

T,=T(O)=T,+J:..u• =81J'C+ O.OlN ,/rn' (~7lmf•l' = l03·c 
2k 2x0.ISW/rn K < 



PRORLE.\11,.2.1 

h ..l\UW 'i: Cuw.•ue lln\\ \Ii.Uh heat lr.tn,rc:r 

f l~O: 1 .i I l111n'-'n~1onle,., hmn or 1~rn~r•nur-: J1,-tnhu111.m. i ht C1ind1ttun .. tur ,, h1ch tur pJ.1li: 1i, 
1J1.ah,11i. 1 , F.11;prc~"1on lor hc-.it er.miter h' l,m 1:1 r,J;u.c: \\ hc:n lup pluh.: n. ,1Jw.h.111c 

SC-Hf\1 ,\ flC: 
)' 

L 

0 

-Stat>ona,y plate 

\...'iiSl ' \lrTlO '-JS: 11 I S1C'l11.h· •"il.ilC' C{•nJ1tu1n ' ' 1) 1n..:11mrr.:y,1til i: nu1J ,,, uh Cl"lh\t.ln1 (lfnf1Cr1h:,. ( ') 

'.\c~h1,11Ph:: b1 •J~ fol'\:"i:,, 1-t I C,.111cn~ Ou" 

.\:\.-\I \ \IS: • .,, Frorn E.\.unrlc: 6 --l. 1he h'.'ITT()Cr.&rure Jmnhuuon " 

or. \\llh 

µ f \' '\'J"j \ T-T +-11 '-- .a. •(IL-1 1 • 
" ~l L \I.. 1.1,L 

r -T,, ; µt'' [1. -I )' J']+l 
r, - r :~1 T, - T, J L L l. 

H•iT f,,)(f -T,. 

f'r;c,u/l. 

q•)/L. 

E< = IJ•/c,,(T1 -T,J 

dU) T, - T,, ; Pr l:.c I - ! ~ -1- _l'r_h_· •Ia I) 
-, L , ~ 'l~., , 
"~ I • 

Thtrl• I\ nu tkJ.1 ITan\fcr JI ti~ 1or J1l11ll' if 

FL ?r=..? .,< 

< 
Cununu ·J 



PROBI.01 6.23 (Cont.) 

(d) U"ng Eq (I), the d1men\lonle« 1empemture dmnbtiuon •• plotted 11> a function of d1mcruuonlcs, 
dutunce, 1J = y/L. When Pr &: = 0, there " no d1»1pa11on and the temperature dbtnbu11on " llncnr. ,o 
chat he:u tfi1.n'trrr l) by c.onduction only As Pr Ee 1ncrea-.e..._, v,~ous dLSs1pa1ian becomes more 
1mpununt When Pr Ee = 2, heat transfer 10 the upper plate 1, zero. When Pr Ee > 2. the h"11l mtc "ou1 
or the oil film ot both surface,. 

• 

i .. 
£ • ! ... 

• • ... • • ···~ 
- HEc•O.~ 
--- Pr·&•' 
_...... ""Ee• 1.. rt tktc al y'4 
~ PJ-tc., 
.....,._ llf'lc. ,o 

f r 
~ 

-+- t .. ~ 

• I 
o.n 



PROBLEM 6.Z~ 

K ,O\\"'-: S1nd)·, 1ncompn:n1blc, lanunar tlo~ bc114·cen intinnc pNilllcl pl.itcs bl c.Wfettnt 
1c.mf"r,uurc_, 

flNO: I.ii form of conununy cqutUKJn. fh) Form ur m""11:nlum cquDUonJ 1111d vclocll)' pmlilc 
Rd.Juon,hlp ol prU\llfC gr.id.1et11 10 nu:utmun \'Clcl<:1f)-. ft) Form C'II C:nt:IJ)' tquat1t1n and 

1em}X'raturc di,.mhullon Hc.11 nu, :it tor !tUrf.X:e 

SCHEMATIC: 

L---------.---
P 21?.<o 7j 

~1.111 d ~ . r ~ 
0 -----------

"·" 

\SSU\fPTIO~S: ( I) Two--dimen,.iona.l 001,1, f110 ,·1n11uon11 in z\ he1v.ccn ,nhnitc. pmllld 
pl..11~ 2) '.'\~hgiblc bodl h1n:c-.., 01 No mtcm.11 energy gc:ncnmon. t-ll lni.:ompn: ... ~1b1c Huid 
w1lh const1m pruperuc.,. 

\'-\I. lSL~: ta~ fnr 1wn-d1menMonaJ. ,1etidy c,~nd1tinn~. 1he ronlinu1ty CtJUitllnn ii 

rltpu1 . cXpv·1 = 0 
d• dy 

Hent-e fut .in lncamp~""bk ftu1d fcon\1an1 f>J 1n par.aJlcl flow I vdl1, 

~~u 
d, 

The Oo" a, fulJ~· dcvclopclJ m 1hc "en,c thiU .• ~pc:,a,·c ofy. u 1-.1ndepc:n1.lc.1u ul,; 

<J 

(bJ Wuh I.he :ibo\c rc1;ul1 :ind 1hc rrcscnbcd c:undmons. Lhc 1nomcntum equ.1t100, ol Secuon 
h 4.1 reduce to 

<J 

Since p ,, 1ndt.pc:ndcnc ol ~. dptd~ ~ dp/dx i, 1ndep<'nden1 of y IIJld 

if'u d'u dp 
it d)T=.u jyr • di 

Sin« 1hc lctl· h.and 1>1dc depends ~nly on y ,.md thr ngh1·hand rnle l\ u1tkpc-ndcn1 01 _y. bc11h 
"ldc, mu11 C'-!ual 10 1hc ~ame con,un1 C Thill is. 

d:u .. 
µ -- - • C 

dy 

llcncc, the "c1cx11y d1,1rtbu1ion hJ.s 1hc: ronn 

<J 

Coounucd 



PROBLEM 6.24 (Cont.) 

The veJoci1y i,rofilc is 

The profile is symmcllic about the midplane. in which case the maximum vclocny exists at 
y = l/2. Flenc:c 

u(L/2) = ufflU, a - __: C [ L'] 
2µ 4 or <] 

(c) For fuUy developed thermal conditions, {d'I'/dx} = 0 nnd tcmpcmtum depends only on y. 
Hence with v = 0, ou/dx = 0, and the prescribed assumptions. the energy equauon become,< 

pu in =k d'T +u dp +µ(.!!!!.]
2 

in dy2 dx dy 

Withl=e+p/p, a;= ilc +.l .!!I!. where ~= ilc i3T + ilc ~-o 
;}x ax pdx ox i3Tax df)d•. 

Hence the c:ncrgy equation becomes ( l 
2 

d'T du 
o-~-+µ -

dy2 dy 
<l 

Thu rcsul1 may be obtained dlrcctly by reducing the ronn or the energy equation in Section 
6.4.2 for incompressible fluid nnd the other prescribed •ssumptions. With 
du/dy = (C/2µ) {2y-L} ii foUows lhlu 

d~:; = c' (4/-4Ly+ L2) 
dr 4kµ 

Integrating iwicc, 

T(y) -- c' [L -.!!::t. + .!,:t_l +C,y+C. 
4kµ 3 3 2 

Using the boundary conditions 10 evalwue the consU1J11S, 

c'L> (T1-T•) 
T(O)•T, -+ C, •T2 and Tfl.)=T1 -+ C, • 

24
11µ + L • · 

Hence T(y)=T,+ .,_ rr,-Tz)-- 1..__.!:!:L.,.+~--[ v] c' [ ' 2L.;J L2 2 L>y] 
L 4kµ 3 3 2 6 

From R>uner's law, 

•-CT1-T1)+- -L -2L +L --k (: [4 l J J L,] 
y=L L 4µ3 6 

• k C:L3 
q CL!= -(T2-T1)+...c,.,.c... 

L 24µ 

<] 

<l 

COMMENTS: The third and second terms on the rigbt,hand sides of the tcmpcmturc 
distribution and heat nux, respectively, represents the effCCtS of viscous dissiparion Ir C is 
large (due to largeµ or um.u), viscous dissipation ,s signi6C"11L If C is smlllt conducnon cffccrs 
domina,c. 



PROBLEJ\t 6.25 

KNOWN: The convecuon conscrvanon equations. 

F'V.D: Ca) ldcnnfy conservation equanons and descnb<: tcnn,. (b) ldentif) approt1m>1ion, and 
,pec,al conditions used 10 reduce the,c cqunuons 10 lhe boundru;, layer <quauon, or .Sccuon 6.S. 
(C) Conditions for whicb momentum and energy boundmy layer equnuons have the =• fonn 
and the analogy applies. 

\ N Al, YSIS: fa) The c/1nscrva11on r,f mo.rs requir,m,,11 ho, the fonn 

il(pu) + il(pv) = 
0 ax ily 

CD G) 

The tcnn,. a., itlcnufied. have 1he following sign16cance: 

l. Net change of mm flow m ,he ,-din:ction. 
2. 'let change 01 mas, Row m the y-dlrecuon. 

The e:xprc~!.lon for cnnscn·annn of ""'mt'ntum an 1hc x-c/,r,:cuo11 has the fonn 

[ 
ilu ilu ] a ih,, . 

p u il, + v ily = ax (er,. - Pl+ ay + X 

CD 0 @@0@ 
The term, . .,. ldcnrlfied. h3\'C the following s1gn1fk.t0cc 

I . Net rate in ••=mentum or ftwd lcav,n~ conLrOI valume m •-d1tccuon. 
2, Net rate tn x-momentum ol ftwd kaving control volume an y-dtn.·nion. 
J . Chnngr of normal v1scou, ,u-esses in ,-drrccuon. 
-1 , Chnnge of stattc pre"ure 1n x-dlrccuon. 
5. Change ol shear <tresses in t-direcuon. 
6. Body force tn the x-din:ction. 

The ea.prcs)ion for canJtn.·atinn nf C'nt:r.u• hitS the fonn 

pu ;~ • pv :; = dd~ [• :~] + ~ (k ~ - ] 

@ @ ~ ® 

+ [ u :: + V :~ j + µ~ + q 

CD @ 0 
Conunued ... 

<l 

<l 



PROBLEM 6.25 (Cont.) 

The IClmS, as identified, have the following significance: 

I. Change of eothJIJpy (tbenna.l + flow work) advectcd in x Md y ditections, <l 
2. O,ange or conduction rau: in x and y directions. 
3. Work done by siatic pressure forces. 
4. Work done by viscous dissipation, 
5. Rue of energy generation. 

(b) The above conse,vation equations reduce lo the boundnry layer form when these 
assumptions ore made 

constant propenies. <l 
incompressible fluid, 
negligible body forees, 
no energy gener3tion, 

nnd spccia.l conditions rcloting 10 flow ncnr a surface The lauer ate rcfcm:d to as boundary 
layer simpl/ficadons. 

(c) Based upon the assumptions and conditions identified above in pan (b), the x-momenrum 
and energy equations have the forms: 

ilu ilu I ap a2u 
u-+v-=-- - +v-

ilx ay p ilx ay2 

uilT +vilT =aa2T +~ [ilu]
2 

ilx ily ay2 Ci, ily 

Thetmn 

I ilp 
- p ilx 

is zero for a Oat plate ond the tern, 

~ r~1 2 

Cp ily 

ls negligible for low velocities or a ftuid with small viSC05Jty, For such conditions, the x­
mom-,nrwn and ~rgy equations have the same fonn: 

ilu ilu il2u u-+v-=v-
ilx ily ily1 

ilT ilT a2T u-+v-::ra-
ilx ily i)y2 

These eqwuions establish the analogy between momcnrum and heat lrnnsfcr <l 



PROBLEM 6.26 

KNOWN: Pn:ssure independence ol µ, ~ dlld <p 

Fll\D: Pre"un: dcpcndrnce of v and a for an ,ncompres<il>le liquid ond • perfect gn< Value, 
of v and a for air JI 350K and p = I, 10 aim 

ASSLMPTIONS: Perfect gas behavior for atr 

\Jl,AL \'SIS: The lcinemauc v1scos11y Jnd thcnnal diffusivuy arc. rc,pccu,cly. 

v=µ/p 

Hence. v ond o nn: inversely pmpornonal 10 p . 

£'or an 1ncompre.1s1hlc liqwd. p "constam. 

Hence v and a :ire indepcndcn1 of prc,surc 

For• perfec, lftl.l, p = p/RT. 

Hence.pi, du-cctly propon,on3110 p. ,n which en...: v and a vary invcr'"IY 11,1tl1 

prc.s,urc. It fallow, that v and a nrc inversely prnpon,onal 10 prcssun: 

To calculate v or a for a perfect gas at p ~ I attn, 

I 
V(p) = V( I Utm)·-

p 
I 

afp) = al I atm)·-
P 

Hence, for air at 350K, 

p(atml v(m2/sJ 

I 20.92,10-6 

10 2.00, 10-~ 

afm2/,) 

29.9•10""' 
2.'~1<1(1 ' 6 

<J 

<J 

C01\1\1ENTS: For the ,ncomprcss,blc hqu,d and the perfect ga<, Pr= v/a " 1ndepcndcn1 of 
pressure. 



PROBLEM 6.27 

KNOWN: O,aractcrisuc length, ,unoce tcmJ)Cffllure and average beat flW< for on objoct placed 
in an alrsin:am of prescribed temperature and velocity. 

FINO: Average convection coefficient tf clw'Dcteristic lcn11h of obj<ct ,s ,n.reoscd by• ft1Ctor 
of five and air velocity is dccreucd by a fac10r of live. 

SCHEMATIC: 

C•s~ L 

@ T.•'IOOK-a iJ;,~°,,!' M8=! 
y

1 
.Joo,,,;, ::::: v,.20.,/s 

T,..300K --<> L1•J., 1,;,.,001( 

z.: "' 

ASSUMPTIONS: (I) Stcady-suw: conditions, (2) Constant propcnic~ 

ANALYSIS: From Sccuon 6.6.2. we know tba~ for a pamculnr geometry, 

NuL a fs(RcL,Pr) 

The Reynolds numbcn for elMlh Cll.!C arc 

V1L1 (IOOm/s)lm 100m2/s 
Case I R•t.t = --a----=-""~---

V1 VI V1 

R V24 (20nvs)5m 100 m2/s Case 2: eL..1 • --= --.,.,.--= ...;.:.=-.c;-'--'-. 
Vt V2 Vt 

Hence, with v1 = v2. Ret. 1 = Ret.2, Sim,e Pr1 = Pr2, It therefore follow, that 

Nul.1 = Nut.I 

Hence. 

ii2 ½/k1 = ii, L1 /k1 

- - Lt -
h2=h1 

4 
=0.2h1 

For Cast I, using <he rate equodon. the convec:don cocflielcnt IS 

q, = ii, At (T,-T-)1 -
ii, = _<q_,l~A_, _l = =-q-:::' ,-,-- = 20,000 W/ml = 200 W/ 1.K 

CT,-T_), CT,-T-l1 (400-JOOJK m ' 

Hence, it follows tho, for Ca.re 1 

ii2 = 0.2 x zoo W/m2 K = 40 W/m1•K. <l 

COMMENTS: If Ret. 2 were not equal to Ret. 1 , it would be necessary to know the specific 
foon of f5(Rcl. Pr) before ii2 could he dctcnnincd. 



PROBLEM 7.1 

",rn, , , ft>mf'('r.uure Jnd \~1~11~ 11f flu1J,, m r.1.raJld no" C-\er .111:u rli11t: 

n,u: I . I \'t'h>i"11'. ,mJ thi:rmJI hnund.ar) l.1~-er 1h1d:nc,,es iJJ II p1t-~nhcti J1,1.mn• lnim lht' h,•,iJlng 

ci.fgt: J.llll 1h1 fur, .ai.:h tlutJ p1ut th~ l,.luuJ..in 1.a~t'r 1h11.li.n1;,--.a, ,h .1 tUrk:11\-,n l)1 dJ~tJnc-c. 

SC IIF\l ~TI C-: 

.,,,-Fl~ 

u.,= 1 mis 
T1= 300 K 

• 

\'."-tS' Mf'TIO"IS: 1 It Tr.1n\1l1un Rr,·m1h!i number l!i 3 x It/ 

0.04m 

PROPt RTI[.'): ,.,,bl,• \ .J. ,,u 1lOn I\.. I 1.11ml \'::: IS.8~ )( IO" m J,, Pt=- (J '7U", fiJ),/1•,, ~. \\ llt'I 

11 lfl ~. ~ U.'P ~ 855 ~ 10" N Sim i9'17 11.F}rn : O 85M >< IO' m111. l't :i;;. 1-1n, ToJbt, A ,. I .HJillllt' l •11 

l!tfll\. •'.\:'ill)( 1u•nni..f'r=h.Ul'l. ldl•l,·.l5.!\1rrLun. (.3(10K1. \'"::0Jltx 111)m',.l'r= 
,,11:·4 . 

\ \ \ t , '\IS: IJ! II lht.' n11\\ 1, lamm,u, the lollo,.., 111~ 1:1.pic,-.11111~ nu~ he U\~d 10 ~umputc t1 l.llhJ ii., 
r~I It, ·h 

,, 
• • Mu,J R,, 5 nun, "• (mm1 " o)-~ kel•: l'r .-\If :S l i 

\ "" J .l-~ • 
W,ucr ! fib X 10' IJ q3 0 51 

\\ hC'tC" Re. 
II .. \ l 1n,''-l'•l~ml 0H4m • Oil 7~ 7 11 5 I.:_--, 

' ,, V Mt-fl.UI) J~•- 111' 0 ll I I' 

1111 I Hng IHT wnh 1hc l!,11.":)?t1l11~ C'-1UJUon11. Lhc hountlJf} lJ~c:-rthL.:lnc' ... ,a .m: rlr,nc-J .1, iQ ham;lh111 <'f 
Jhr;.111cc fr4,m the lr:11Jtng c:i.l!_!c., 

1 
I 
f . 
~ 

• 

• I 7 • 
• I 
~~ 
_., 
·- ·1. .. , 

' 

-"' .J..,.ll• ~• 

.. -d ., 
" 

I 
I 
f 
f 
,r 

·~-----

• 

, 

• • •• " ,. 

co, l\JE'.'iT,: I 1 ~111~ tha1 b <I; ii liJr ~Ir.(\>~, f1+: \~,lier, 0 ~> ~ lur ml .111..S ~ <:. l'• f1.1t tn(rt:uni ,.\, 

·, r• ~·h."\.I the ~c1unJ,lf) 111} er th1.;: l.nl!'s.:1ir:, mi.: n: .1..-.: .... uh Jn..:rt.u,ms JMUfh;c If om 1hr. l,:,Jt.hni: rJgt" 

1 ~1 TI,i: \.slue (.'I i\ for mc1i,; llr) ,houlJ he, 1c-\\cd .L, .i. rt,u~ Jrp11.1.,1m.num a.ince the c,;,prt1'l1(1n l,11 i.tA 
w,u Jcnvt"1J -.ut,1c1.t In 1hc .,ppro\1mJ.1111n 1h.u Pr"> fl,, 

< 



PROBl,EM 7.? 

K.i.'iO\\ N: Te:mpe.nuurc. presJure nnd -.·cloc1t)' of D11nm.phcnc au rn parallel now O'-·cra pl.ur or 
prc,cnbcd lcng,h and 1cmpem1urc, 

FIND: (Ql Bound.try layer th,cknc", ,urfo<e ,hear Slr"5s and heat nu, •• IJ'Wbng cdg<. tb) Drog foKc 
and lowl hu1 1r.msfcr per unil w1Jth of pl•IC. und (c) P101 the p;mun,i,r, or pan (a) as• funcuon of 
dt>!llJlCe from the 1"'1drne "'~"'· 

l>C'HEM<\TIC: 

® ~&(• ) 

~a5mls =: ~ -:::;-r,,.7soe 
T,.= 25 oC I'---- -
P~" 1 aim L.x L" 1 m 

ASSUMPTIONS: i I J Cnuca( Reynolds number ,s 5 x IO', (2) Flow over 1op 4nd bottom •urfa.:c, 

PROPERTIES: Tahir~ 4, An !T, • 323 K. I mm); p = I 085 kglm 1• v" 18.2 x 10,. cn'l,. l : 0 028 
Wlm K. Pr= 0.707 

.\NA L \ 'SIS: fa) C.dcul.:ue lhc Reynold, number to detctrnmc nJtu.re of now, 

R _ u.L_ Sml<•lm 
27

• 
10

, 
CL ---- - _1,< v 18.2·10.m'/, •• 

Htno,, th,, now ,s 13mmar. •nd •• •" L. u11ng eq., 7.19 and 7 20, 

o- SL Re,"' c 5,. 1m/(2.75x 10')'
11 

• 9Smm < 
t L (pu!/2)0,664 Re/'= 

1
08S l ~ (5m/•l' 0664,(2.75, 10')1

' :0.0l71N/m' < 
2 m r 

Us,nc 1he oppropnmc corrcl,uon. Eq 7 23. 

:-iul = h,L • 0.33:?ReL" Pr'" 0.332(275 x I0')'"(0.707)''' = 155 I 
l 

h1 "1S51(0.028W.m K)/lm=4 34W/m' K 

Hcnct. the he1u mu, '-' 

< 
tbJ The drag force per unu plate width 1~ D' s 2Lt, l "'hl:tt the futtor or ,~·o u ,nc:ludcd t" acc:oum for 
both Ude$ Of the plate. Hence. from Eq. 7 ,o. \I.Uh 

'·, • (pu~/2)L328Re, '• (108Skg/m' /2X5mfs)' 1328(2.75>< 1o•r"' =0,034JN/m' 
the dtllg .. 

D' = Z(I m)().OJ4JN/m' = 0,0686N/m 

For l.1muur npw. lhc. a.veragc Wlluc hL O\'er the dl&to.ncr Oto L ,, twJcr tht 1octl VAiue. h1,, 

iil • ~h, =868W/m' • K 

< 

Continued _ 



rROULl~l 7.l lt"onl,I 

nic 101.-.I hi:.11 lr;&O'ikf nuc J"lt'f IJIHI "'1J1h .,r rhc pl.ah:-~ 

,f ~L.h,tr;-T.J =:Hml!'i.6S W/m" """' :5Jt'-illf'.'.l~\\/m < 
''"' l .unc urr "uh 1hc rqu;a,,on, Ill ran lill, lhL' l'k1Ullilill)· IJ)\'f 1111dr1-c-..,. '\U(l;K,;L' ,-hcJI \If"""' .u1J hL',11 
nu, ,l\ ,I H,n\ llun ,1( Jhl.tm.:i: l('tnn 1hc k.-Jm~ cJgc "t:rt i:;11,ul.itt:J 1,miJ .UC' rt,,11.:J t,dt.l\\' 

'"" 

I ~ 

• ... .. 
; ' .,. +-
j ,, .,, 
I l ,co ~ + --• • ... •• " " tTolll,,ct, nllTI ~ .. ...,. • .,.., 

l!L I•~- --• • •1· ~"II 
- !:>h!I., as••• 1,..,.. • ,~·~ ~....-.. 1 
--- """"""'· ". ,~•ti 

CO\I\IE\:TS: 1 I I The \clt~lt~ t,c,,und.d'\· IJycr ,., \·1;r\ Ihm ill the lr,1J111g CU.gs: .md 1111.rc.t-;e\ Y.llh 
1m.:rc.rn11~•- J1,tani:1." TI1C' h'lt.0 31 s,hcJt ,1tl"o,i ,.mJ he.ti nu, Jlt' \C'f} l.t.rj!(' nc..-u thc k:aJ111~ L·J~ a,ut 
•lh:,·rc.1-.c "uh m,reJ..,mg J1.~1.ani:,,: rhc ,hJtx, l'f the 1w,, .:ur,c~, .m: .. ,m1l.11 

•2• . .\ l,\lr) {If lhi: lHT w,,d~ra,~ U'oe:d 11, ,~11cr.11i: lhc t1h,,h~ plut '" !>hv"n t,dm, 

I,/ l<Kifldlly tayw 11\ICIIIMU, d•rta 
'Wlt1•5·••R••"'-OS 
jn:\11 ml'!\• ~ • tOOO 

4'81iat_Jllllot • ci~lt:i, '"""• 10 'f $ca!ln; p.11nimo1,1r ,or ~""'i,nc.e.., ~,lt.llQ 

U 5'.lrlac• •n••r sn11.u, uiuu 
lWJll • i">O' 1111"1"2, z• • 0 69' • Au -..0.S 
'814l _pt.«• I~•· tDOQO n 5'.lhrig p.-i~,~ to!' carwan,enat '"plal"!Jng 

IJ HHt nu, . q ·• 
'I •· •tu• 1"t~ ,-,nf1 
•1~• • Q.3J;' •R.-.~ '" Pr'\ 1-·1· 
"tus. ,,. ••• 

IJ "-Yn0:141 num;t,er 
~I!• a 11,.-il ••I f'U 

II Pfop.fUQ lc,ol: Air 
Air litti[,91t'f hl'lcl#III F'tt!m f 4ble A 4 
U•1ts·i1K\. 11lr!'p-111hUfe 

mosrhD f;.6-'it' OJ 
MJ. ,,u r\~Ai,· TfJ 
t•1I_TrAJr"T11 
"•"" rr,,,i·t1) 

,, ANigMd varlablH 
Tinl • 25 • 273 
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PROBLE\I 7.J 

KNOWN: T~mpcnuurc and vclocJl) or engine oil Tc.mpcm1urc and hmttth or n111 phne 

FIND: ta1 V<lu.;l1y .u,d thermal boundary l•~cr 1hicln<'.< •I 1m1llng edge, 1b) HClll Ou, dJld >urfaoc 
,hear"~" ,i 1rullni edge, eel To<al dr•g force ond h .. t llllll1fcr per un11 plate "-idtl1. •nd 1d) Ploc the 
bound.iry h1y«rr thickness and local values of the ~hc:ar i1.r-cst.. con\°«:lioo coefficient. and beat nu.a. A., 11 
funcllC'n af x 1or OS x S I m 

SCtlEMA'nC-: 
6 

ctno1ne oi!? ..--::::::;::::~&1 
u.= 0.1 mis ==: l~~:'.:::::2::::::.:=z::z·::i T, • 20 oC 
t.,a 100oC 1-

l-x L-=1m 
ASSLMP'110NS: t I I Cn11col Reynolds number 1> 5 >< lo', {2) Flow over top ond bottom ,urtace, 

PROP~ RTIES: Tao/, AJ, lingmc Ool (T1 = 133 KJ• p • ~6-l kg/m . ,, = 86 I x 10·• m'I>, l = 0. 140 
W/m K. Pr= 1081 

ANAL VSIS: (111 Calculate the Reynolds number 10 dcccnmnc nature of the now, 

R 
_u.L O.lf11/sxlm _

1161 Cl - --,,..,.-=~=-
v 86.1 X IQ➔ m'/• 

Hen« tlie """ "lam1nar•t • = L. from Eq, 7 19 and 7.24, and 

5 = ~LRei,1'1 = 5(1 mXI 161r"' • 0,147m 

6, = 6 Pr-"' • 0.147 m(IOSIJ" '" - O O 143 m 

tbl The loc•I convcclmn coeffici<:n1. Eq. 7 23, and heat Rux•• x a Lare 

h1 . lo.312 Re~" Pr'"• O.l
4
0W/m K0.332(1161)" 1(1081)'" = 16.25W/m' • K 

L Im 

q; = h.{T, - T. )= 16 2SW/m' K(20- IOO)'C = - 1300W/m' 

Abo. the locill shear M.n:n 1,1. from Eq 7 .20. 

l,, = P;! 0.66,l Rei,"1 -
864 ki • m 

1 
(0.1m/•)10.664(1161 ,-,,i 

,, 1 =0.08-l1lg/m • , 0.0842N/m' 

< 
< 

< 

< 
tel W11h tJie drag force per un,t width g,-cn by 0' 
for both .side .. of the pllllc, 11 follows thus 

whtrc- the factor of 2 ti 1nclud,:d 10 .1Ceount 

D' = 24pu;/2)1.328Rc~••• = 2(1m)S6-l~a/m' (0 I m/s)21.32.8(1161)'11 
& 0.6731'1/111 < 

Fot lamm.a:r no~. th~ a\·cru.gc \!.a.lue hL O\·cr the dl!Uancc O 10 L i.s l\ltr1ce the local ,.-alue. hi,. 

iil c2hL • J.2.5W/m1•K 

The- tau.I hc.111 tran~fcr r.ue per unu v..1dlh of Lhe phu.t: is 

q' • ll.hdT, - T.)z 2(1 m)32..SW/m' • K(20 - IOO)'C =-5200Wfm < 
Conunut-d 



l'ROIILI.\I '-3 ll"u111.1 

h,:) l ',1n;l Ill l "llh 1hc lnrct,:.11111g ettu.tt1r1ns. the bc·u11Ja11- h.1)'c1 lh1dn~"-'· ,.ind lo-..· .. 11 ,J.Jur" (•I the 
l.'.OII\L"1,.IWO ,·udli-:1c111 und hL"JI thl\ \\'Ch:' t.:.1h:ul.1tc.J .,nt.J ri.1111.4J J~ ,I IUIIClll•l1 c,,1 \ 

•• •• 

C 0\11\tE,·t ~: I• ~·vte lh.11 ~,n~c Pr>> I Et>>.:>. Th;1I ,,, for the high Pr.im.hl h'-1u1d,, the ,·cl1k..U~ 

b,)Uff41Jn l.n-c;:1 will he mth;h thh.kr1 th,.tn ,n~ 1lwmul huun .. lJr) l.1\L'f 
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PROBLEM7.4 

KNOW N: Velocity and Lcmpe,ature of air In paralleJ now ovu a ftal plate. 

FIND: (a) VeJocily boundary layer tblcltn ... al oelcct.ed •talion,. Dilt.ance Ill which 
bouoduy layers mere• tor plalea .. paraLed by B = 3 mm. (b) Surface obear strea and 
•(6) aL ~lec:Led •t.atioll5. 

SCHEMATIC: x,,, 
. . .. , .. . , I 

, •. , I ' ::,:_~*- I<Jmm 

ASSUMPTIO NS, (1) SLeady flow, (2} Boundary layer approxlmaUoos are •alid, (3) 
Flow Is 11.mlna.r. 

PROPERTIES: Tobi, A.,, Air (300 K, 1 aLm): p = 1.101 kg/m3_ v = 
15.80)(10-• m1 /s. 

ANAL YSJS, (a) For 11.mlnar flow, 

• (m) 0.001 0,01 0.1 
I (mm) 0.121 0.311 1.202 

Bou.ad&ry laye.r m.crce.r occur, at x = •• wbe:n I = 1.5 mm. Hence 

(b) The oheu st,.., is 

P•!./2 
r , .• • o.eo.4 fu.!1' 

x(m) 0.001 0.01 0.1 
•~IN/m') 1.07 IJ>2 O.OI 

r. • ltl mra, <J 

The velocity distribution io lhc boundary layer is•• (1/:t} (,,.._/x}'"('l<lf/do - r). Aly = 
I,," 5.0, t"' 3.24, di/do., 0.001. 

0.5 
• - ~(I &-89XIO ... .,, /•X2S m/•)'"($.0)(0.HI - s.~, - 10.0111/,.Jl')m/,. 

a(m) 0.001 0.01 0.1 
•(m/,) 0.121 0.111 o.on 

COMMENTS: (I) v << u.. and 6 << x are coMisLent witb BL approxlmaUoos. 
Note, v - oo as x - 0 and approximatioos brealcdown very close lo lhe leading edge. 
(2) Since Re,.. = 2.22><1o', laminar BL model ii valid. (3) Above axpr"9SloM are 
approximatioos tor flow bctw..,,, paraUel pl•Les, since du~/dx > 0 and dp/dx < 0. 



PROBLEJ\1 7 .5 

KNO\VN: Flow candltloru, aad lac•! .'lu..clt aumb,r-Reynold, number depeadcnce 
for a. wed,e. 

FTh'D: (a) Flow coadillons at x - 0 ror "> 0 and vnriation or u., with x ror ;J = I, 
(b) Ratio or overoge to loc:.l coovection eoelllcient for ;J = 0.5 and 1.0, (e) Ratio or 
aver•&• convection coellicioou oa,,ociatod will, wedge llow (J = 0.5 nnd 1.0) tn 
con,•ectloo c0<>1llcleo\ 83SO<i•t•d wltb paro.llel Dow for nir at x = Im. 

SCHEMATIC, 

ASSUMPTlONS: (1) l.:uninar, bouodary layer flow, (2) Coo!ltant properliea. 

PROPERTIES, Tab/, ,1.4, Alr: Pr~ 0.70. 

ANAL YSfS: (a) For i > 0, m > a. TTence •x - 0 at x = 0, nad we ••Y tbaL a 
ltagnation point exil,ls. For ,J = l, m = I (a flat plate normal to tbe llow) o.od u, 
1nerca,c, lsntorlv witb x. 

(b) \\'itb Nu, - c, Ro)I', it rollow, that 

- I J; C1 I; k I UxX 1 •/2 CI k I/> J; "'; 1 

h, = - b1 dx = - - -'-- dx = - - V • x dx 
X X X ti X t,J/2 

b- - C !:!....J l/2 k I 2 I ¥ ·;• - 2 b 
• - 1 ,., m+I ~ - m+t ' • 

- 2 <J Hence. (h,/b,l.•-•• = 1.
333 

- 1.5 

- 2 <J {h,/b.).,_, o - • = 1.0 . 
• 

(c) Tho ratio or the avu•ll• coofficlonts I• 

For Pr - 0.7: C1 = 0.202 tor ,:J = O; C1 - 0.38·1 tar ii= 0.5: C1 - 0.406, 11- 1. 

h /h 0.38~ 1 (I)"'"= 0.087 
, ..... 1 ··•-0 • 0.202 " 1.333 

- - 0.400 l 
hL •-1 o/h, •-o = 

0
_
202 

< 2 (1)1 = 0.8•19 

00?\-!M'.ENTS: Flat. plate approxima.Liau is te:ison:t.bla, but not~ dependence on x. 

<l 

<J 



P ROBLEM 7.6 

KNOWN: Uquid metal io paraUel Bow over a flat plate. 

FIND: An expr.,..loa ror Lht loeal Nuaell aumber. 

SClIEMATIC: 

ASSUMPTIONS: {I) Sl.udy, lacompr .. lble Ilow, (2) 6 » <\, beace u(y) ~ u.,, (3) 
Bouadary layer approxlmAlioas an, ••lid, (4) CouLaaL properliea. 

ANALYSIS: The bouad&ry layer eaergy equation lo 

ilr ilr i1T 
"ti.+• i}y -o fly' 

Since u(y) • u..,, IL follow, Lhal T - 0 a.od lbe energy equation becomeo 

ilr i1T ilr o lf'T 
u,.--o- or ----. 

a. er' UT. • .. /Jr' 
Boundary Cond,t,oM.- T(x,O) = T., T(x,oo) • T..,. 

frulial Cond,t,on: T(O,y) - T ... 

Tbe differential equaUoo lr a.n.alogous to that for Lra.nslenL oae-dimensioul conductloo 
In• pla.ae wall, a.nd the condilioas are aaalogoua Lo lbaoe or Fis. 6.17, Cue (1). fleace 
lhe solulloa b given by Eq1. 5.55 and 5.50, SuhsllluUnc y for x, x ror t, T.., ror Ti, aad 
0t/u00 for o, the bouodAr)" I.ayer temperature &nd the aurrace beat Dux beco.nte 

T(x,y)-T, [ 7 ] 
T .. -T, = •rf 2(o x/u,.J''' 

• k(T,-T.,) 
q. - -:--'----;--:-;-;.­

( 1< "x/u..,)'" 

Hence, wilh 
• .. , _ bx q_,x 

"u•-T-( -T) T, :,o k 
find 

Nu, • 0.50◄ (Rt, Pr)1I' • 0.504 Pe1f1 

wbe:tt: Pc - Re· Pr is lbe Peele&. number. 
<J 

COMMENTS: eec .... k lo very large, axial conduclioa olfec:ts may DOI be •eclisible. 
That lo, Lhe a il'T /Eh' term or lb• eaergy equalloo may be lmporLanl. 



PROBLEM7,7 

KNO\VN1 Form of ve-Joclly profile ror flow O\'Gt a Oat. plat~. 

FIND, (a) Exprt,cdon for pro61t In lcr1ru1 or u,. and l, (b) Exp,..,ion ror cl(xj, (cl 
Ex.pr~ion ror Cr •· 

SCITEl\lA TIC: 

-u., -
--<> 

ASSUMPTIONS: (LJ Sle•dy •L•t,, coodillo .. , (2) C0n1ta11t propertl .. , (3) 
Jocomprt:111ible Dow,{~) Bounduy l:1.yer .ipptoxll'nAtioil!I a.rt' valld. 

ANALYSIS, (a) Fro1n th• bound•r; cooditlnno 

ufx.O) = 0 - C 1 = 0 ind u(x,b) = u ._ - C: - uJIO/S. 

Hcoce, u = u,. (y /,\). 

(bJ f"rom the momt-nlum inLt'p;ral eci.u.itlon for• Hat plac.e. 

d: f (u,.-u)u dy - ~,/,, 

Sep:i.r:i.tioc ll.Dd inlt.-graUna;, ti..od 

u,... d·S " --=-
8 rlx ,~ 

<I 

J - [ 1~~'" I'" -3.46 x I.:. J '" - 3.46x R•;' '' <I 

(cJ The 11ht!Ar strt•u at tht" "'"1111 

'"I u..., JHJ:,,:;. ' ' •• = ,,~ = I' - = 7-""'.c:-- Rt!; r 
''Y o J.•IO X 

1-• 

And , be friction coefficlen L Is 

C r, '' _L Ro•t/~ -0578 R .. ~,1, 
'l,t = 'J M = ~- 3.•6 'l - • "'1 • pu...,1 .. /J\1-,x •• <I 

COl\0\.-tENTS: The foregoing rctulllt u ad(l_tpr~dicl tho,e U50<'inted wlLh t.ho ex.act 
aolut.ion I i5 - -1 .GD x ne, 1 

.'l. C1, 1 - 0.G6 l Rt; 111 ) 11.ad lhe r.ubic pro61e ( i) = -1.64 x Re; l/:i, 
Cr., - 0.6,16 Re; I/Ill). 



PROBLEM 7.8 

KNOWN: Velocity profile (or Row over a fla.L plale. 

FIND: (•) Expr-lon for profile in terms or •• •nd 6. (b) E•preulo11 ror l>(x), (c) 
Expraslon (or o, ... 

SCIIEMATJC1 

ASStlMPTJONS: (1) Steady, lncomprellSible, coasto.nt property Uow, (2) Bouodory 
layer a.pproKJmat.iom are va.Ud. 

ANAL YSIS1 (a) The Yeloclty profile with 'I • y /b ii 

u(x.O) •O - C1 0 

~, •O - C, -.!. 
U'/ ,... 26 

u(x.16} ca u,. - C2 - u<!lt 

0 137 ~ - ~ _!!_ 
• da: :? '"• 

r' 6d 6-11.S _.!:_ I' dx /J -23.0 ~ -2a.Ox'/Rc, -'t u.,. ~ u,_ 

(c) The ahcar 1lre53 and frlcLlon coefflclenL are 

qu I ... -r, • µ Uy T-0 ._ fl T 2 

<I 

<I 

COMMENTS: The ro,,going retult. all1h<ly underpredicL Lhooc or Lbe cxacL ooluLion 
(6- 4 96 • Re;'", C,,, •0.664 Ro;111

) acd are •llghtly mor, accurate than lhooe ro, the 
cubic profile (6 • ◄.8◄ • Re;1.h I Cr,. = 0.144 lk;-111). 



PROBLE:-.1 i .o 

K..',"O\VN1 \'e.Joc-ity nod Lewpera.ti.:re r,rofile9 a.ud abcar 1lrcu-bounduy kL)'cr 
t.b :~.nr:ss rdatlon ror turbul~n~ .8ow ovc.r a Hat. r,l:ur. 

FJI\1): (a) Exprcs:,ioQJ, (or hydrod;-mu11lc l>ouHd:,ry lllyc.r thkknt'$5 a.nd I.Vl·r~,, 
friction c:odticif'tll, (b) Exprt.'S.."lons ror loraJ anJ !l\·cr:s;1; Nuuelt oumLcr.,;. 

SCIIE!11A TIC, 

t 
ASSL:S.fPTIONS1 
bo11ndrlr)' layc.r, p) 
J.UI ;i:i.tiun, (7) 

(1) Stcody flQw, (~) CQ!Ul'1lll properties, (3) l'ully turbulent 
lncomprcs,ible flow, (5) l,oth•rm~I plate, (6) :Xc1li1lblc vi1<0us 

ANALYSIS: (a) The momentum in«i:ral <•1uation i. 

2d4'[ "]" /iuill) - I - - - df - :-1 • 
dx u. u:ic: 

Sub)i.itutini,t the «"Xpr(':5.lion for the wa.ll •hcnr 1tt(.""r-'I 

I 
1/l 

1.\ - 0.376 u':] x•/J, 

Continued ..... 



PROBLEM 7.9 (Cont.) 

The aver.ace friction cocfficicni. is then 

- l I Uoo -1 c,. • - r' c,, clx • - 0.0592 - r' • /I dx I l
-1/1 

' s.lit ' X C, ~ 

c,.. = f 0.05921 "; 1-•t• •''' [ ! J • 0.07◄ Re;''' 

(b} The on•rgy integral equntioo for tu,bulenl flow is 
• 

~ ,', u(T,.-T)dy = ~ =_!_ (T. -T,.J. 
dx -'a pc• p .. 

nenc•, 

u., ~ ,., ~ T-T,. dy - u,. ~ ,,. (y/6')'11 it-{y/6,)'"I dy = i.. 
dx 'o U 00 T1-T• ~ -'o f!C, 

d [' Bl" 7 1otl' l h 
u,. di' s ~•" - u ;'" ;I" =-µ;; 

or, wllb { a 6,//o, 

u ~ [!.... ~•I' - !.._ 6{'") - i._ •c1xs a s>e, 

Hence, withe., 1 o.nd 6/• = 0.376 R.;•/1, 

.!... u,.(0.378) ~ d x ) = J!._ I ]-If' ( •/I 

72 v dx p .. 

• k ,, u .. x 1/l h = 0.0292 p .. u,. Ro;1i • 0.0292 - - - Ro; 
X Q V 

Nu,. - ~ - 0.0292 Re:I' Pr . 

Heoce, 

h, • ! 4 h dx • 0.02:2 Pr k [ •; )''' 4 •· 1/1 clx -0.0292 ~ Pr I•:• J'" ! 
- h,x t/i Nu., c: T - 0.037 Re, Pr . 

<J 

<J 

COMMENTS: (1) The rorcgoing rO!Ults are In oxcellenl agr••ment with empirical 
c.orrclatio.ns, cxc:ept. tha.L ute or Pr1/> instead of Pr, would be mor-c., appropria~. 

(2) Note thnt the 1/7 proSle breo.h down al the surface. For CX&mple, 

D(u/u.,) I = .!. ~•/T y ... /T • oo 
<)y ,.. 7 

or :, = Despile this unre•listic cbaraclerisllc of the proBle, Its us• with integral 
method. provides oxcellcnL results. 



KJ\lOWNt Pa.ra..lld flow ovctr a. Bat. pl.Me aad l wo locaLioa-1 represenLiDR a thorL 1pn.o 
x1 to x, whero (x, - x,) K L. 

fi~IND: Tb.rec dif.fcrcat c.xpre!siOOJ for Llte tl\'t:r:itec htat traruifcr coeffic.1ent. over the 
9hort. span xi to X2, bi-~, 

SCD.EMATIC: 

ASSUMPTIONS, (I) Parallrl Dow over• Dot pl,te. 

ANALYSIS: Th• heat r•t• po, uoi< wldlb for lb• •pan cc,n bo wrllleo AS 

<1'1-, = ii,_,(x, - xtl(T. -T..,) (I) 

wh.r.re b1_1 ls t.be avcra;:e bent lransf~r roefficjeoL over tbo. span and ettn be cvniun.tNi lo 
lenm ot the following lhree parameters: 

(A) Loco/ co,ffier,nt ot • = (r1 + z,)/t: ir lho spoo b very •horl, ll moy br renaonnblc 
to auume Lh4t. 

i,,_, "'h. (2) 

wh•re h, is the local value al tho mid-point or tho •Pao, ic = (x, + x,)/2. 

(b) Local cocffit.ttnt4 at r 1 ond :r1 : tr tht span is very 1hort. 11. mAY be rcuonable to 
ass-ume h1-2 UI the avcrag(!, or Lbe loc.a.l values al Lhe ends or tbe span, that ls, 

(3) 
(c) .-\ 1o•trage toeffecicnU /or z1 and .L2: the beat rn!rt, ror tbe span can 1:1b10 be written u 

~-,-~.-~, (◄) 
where the rate Qo-i dc.o.otea the h~:i.t rate for the platt.~ over the dist:iuc~ 0 to x. In 
t.c.rms o( heat tra.os(er cocfflcieot.s. find 

ii,_,·(x, - • 1) = h1·x, -b1•x1 

(6) 

where h1 aad h, art t.be ave.r-age coeffitients for xl n..nd x,, respectll'1.dy4 

CO~fENTS: The oxp,..,.lono, Eq•. (2) nod (3), are approximate and work "•II 
wneo the tpan i, !lmall a.ad flow 11 turbutcnL rath~r tba.n laminar (11, ;:::: ~ ·O 2 '-'• 

b, :::: x •
0

•
5
). Or courac, we require thnt ,;, -... x.1, x: or~ > x11 x,; that is, the 

approx-.imatioDJ rue inapproprlo.~e nrou.nd lhe 1.rD.nSilioo region, Eq. (SJ i.ij th.e i~xact 
rclat.ioll!blp. 



P 'ROBLEM 7.11 

KNOWN, Fla, plate compri-1 or r«tOJlc,,Lar modulco mainl.alnod at Sllrface_ 
tcmperatur< T, or tbicltn .. a and l•~•b b cooled by air at 25' C wilb velocity 30 m/a. 
Ptt5erlbed tbermopbyalcal prop<:rLiea or the module mateTial. 

FIND, {a) Requirod power c•neralion ror the module poei<iooed 700 mm from <be 
leadiog edge or the plaLe and (b) Muimum t.emporature in ,bll module. 

SCHEMATIC, 

T,•150"C 

ASSUMPTIONS: (l) l,aminor llow at leading edge or plate, (2) TransiLioo Reynoldt 
number or 5xlO', (3) Hoa, lr&11S(er ls o=dime,uional io y-dlreotion wltbln each 
module, (4) cj 11 uolform within module and (5) Negllglbl• radiation beat tr&llJlrer. 

PROPERTIES: Module a:u,t.eri&l (ci•en): k = 5.2 \V /m·K, •p = 320 J/kg·K, p = 
2300 kg/m•; Tab/, 11.4, Air (T1 = (T, + T .. }/2 = 380 K, l um): k = 0.0308 
W/m·K, II= 22.02x10- • m'/•, Pr= 0.808. 

ANAJ, YSIS: (a) Tho module power geoeration follows from an eoorgy bal&oce on <be 
module surface, 

cfca.., = q~u 

or 

To •I~&. a convrction corre.lat.ion for e,t.im.atin.g b, 8.nd Fi.rat the R,ynold.t ou.mber, sl x 
=Lu 

ll"1. _ u,.L _ 30 m/•x0.70 m _ 0_537"
10

,. 
" 22.021<10-• m• /• 

Since the flow i• turbulent over Lhe module, the approximalioo that b = b, (L + b/2) 
II appropriale with 

R • 30 m/•x(0.700 + 0.050/2)m • 0_877,.101. 
'1., b/2 22.02xl0-• m1 /1 

Usiog the lurbulent Do~• correlotioo, find wilb x = L + b/2 = 0.725 m 

Nu, - b~x = 0.029GR~5Pr1/3 

Nu, - 0.0208(9.877x105J'l'(0.808)1P - 1840 

h _ b, __ N_u.;;.,_k _ 1840><0.0308 \V /m·K _ sg.7 \V/ '·K. 
X 0.725 ID 

Cootioue<I ..... 



Hence, 

' q= 

PROOLE11 7 .I J (Cont.) 

69.7 \V/m
2
·Kf150 -25)K -S.7 lJxlO' \V/ml. 

0.010 m <J 

(b) The maximum lemperalure within the module otcurs :il the surface next tu Llie 
insulation (y = 0), For one-dimensional tondur.Liun with lbcrm:il energy gen•rnLlou, 
use Eq. 3.42, Lo obtain 

T(o) = qa
2 + T. = 8.713x!0

5 
\V /m3

x(0.010 m)2 _ 160 ·c _ 158_. 1 'C. <J 
2k ixS.l! \V /rn-K -

COMMENTS: An alternative npproncb for estimnting the n,·ernge heat t rru,sfer 
coefficient for the module follows from the relation 

or - I, 
- h1 -. • b 

Recognizing that mixed flow coudiLlons exist, the appropriaw correlation is 

Nu., - (0.037Re~/s - 87l)Pr1l3 

and wilb x1 = L + b and x: = I,, find 

hL+h - 54.81 W /m2 ·K and 

Hence, 

h = (s1.s1 °·750 
0.050 

- 53.73 0,
7
00] \V /m2·K - 611.U \\'/rn2 ·K. 

0.05 

which is in good agrcemcnl (10%) with the simpler, but more npproxirnnte method 
employed in pan (a). 



PROBLEM 7.12 

~'iOWN: D1meru1oni and 1u.rface- 1cmpcr.uwe o( dcctrically he3.t.ed unps Tcmpcnnure i111d vcloc:oy 
of rur 1n pm&llcl Oow 

FTNO: f•l lure ol ,on,ccuon hem rran,rer from firs,, filth 1111d rcnlh srnps 11.S well u from all !he ,trip;, 
lb) For air \eloc111c1 of~ 5 111d l O inf~. de.Lermmc she coovccuon hw nua for all 1hc locauons of po.n 
ta), ..md t«:J Rcpe.at Lhc \.-akula.uons of p.1n Cb). bus under c.and1t1ons for wh1ch the flow ,, fuUy curbuJcnc 

uvcr the cnurc atnl) or stnpJ 

SCIT&\IATIC: 
w=0.2m 

® / . L•2SoL•025m 

u.,.•21M =: q ~T •500"C 

;:~ :~"C ",~7,>f~"9b-,,"1ztii, m • 

ASSllllll'TIONS: 1 I) Top surface II s..-!h. (2) Bauom 5'Jrfacc rs udJJbouc. ()) Cnucal Reynold• 
number"~• lo'. (4) Ncghgrblc rad1At10n. 

PROPERTIES: Tab/, /1.4. Air ff,• 535 K. I •un1, v • 43..54" llr m'I._ k ~ 0.0429 Wlm K. Pr• 
0683 

ANALYSIS: <•1 The lucauon or mtt1s,uon "dc1erm,nc:d rrom 

JL ..,.,)o;I01 ~=5Kl01 .SJJ.4• I0-1rn.,'/1io • I0.9m 
• u. 2m/S 

Sil\Qc l, >> L ~ O.lS m, the 1ur now 11 lammar O\lcr the rnlin: heater. For the fin/ \lnp. q, c ii,(.lL x 
w>(T, l ) "'htrc h, u obuuncd rl'l>m 

h -=::_!_0664Rc11l Pr111 
I ~ • ,. 

ii= 0.0429W/m •K xO.~ 2111/s><OOlm )'n10683)"':S3.SW/m' I( 
' O.Olm 7 •l~Jx 10" m'/• 

q, ~ SJ 8W/m'• K(0.01 m, 0.ZmXSOO- 2S)'C-SI I W 

For 1hc:fifth .. tnp. q, • q0 _, qo-.a• 

q, ~ h.,_,(SAl.xwKT, - T.)-ii, ,(4Al.x wXT, -T.) 

q, a (~ii. , - Jii.,_,~Al. x w J(T, -T.) 

< 

Hence, wuh •• =SAL.= 0.05 m IIJld "'= J,ll. = 0.04 m, II follow< lh>t ii0-, a 24.1 Wlm' I( and ii, , = 
26.9 W/m· K and 

q, =(Sx ?4,l-4 x 26.9)W/m' K{0.01 x0.2)m'(500-2SJI( a 12.ZW, 

SmulMly, ~her< h, ... = 17.00 Wlm' I( and ii...,.= 17.92 Wim'·K 

q,0 = (1oii.,_,. -9ii •. , ~Al. x w~T, - T_) 

q,0 ~ II Ox 17.00-9x 17.92)W/m' K(0.01 x0.2)m'(500-2S)I( :8JW 

< 

< 
Con1mued 



l'kOULLM 7.J21('m11.t 

h 

and 1hc hi!ar r.111: nn•r :iJJ ~~ 11tnp~ o 

1t11 ,-h.ut.L•~·(T1 T.).JU17~\\/1111 KHI~~ Ul!m~((iPIJ-2..~)'C ~55H\ < 

tb .... 1 L:,mg '!he 1111 C.,rr,•J,,111•m r,~I, Lttt·n,al 1-1,,,1·0 for L,muMr or \ft.H,I F/m, C"n,Jrt,rnu, -1nd 
fulh,~m~ tht' i1,u111: method ut wlutwn o, .atiu,~ th~ ht:u t.alc~. hwthc ftr•..c. fif1h, kn1h .lhl! 11111hc ) ll'lr\ 

\\1:1c i:.1k:ul.11cJ Mr J.IJ \ch1t'.HIC\ 111 .l ~ JIIJ 10 n\/\ Tu c,alUJtc.• the hti-11 rah:, for folly 1urhulc.-tu 
,1,nrJ1t1om. th(' .an.i1)''11'• ~-.,,. r\·rformcJ St.:llin!l Rl!u - I )( I u A The fc~ult, Ml: tab~d lllt"!IH, 

I .J.fflltt..1.1 

Full~ 111r"ulcn1 

U., I m/111 q,1\\'1 q~1\\, q ,11\\'1 (( I - . ~ \\' , 
511 11 I ~-, 2~6 . 

' Ml~ IO I I) I 1('1 
10 I I~ :7 II IS.h ~,:i 
' ,, 9 JU h '·'-' 115 • 
I )7 l ~I I• II -1~1() 
I IJ ,.., Q lS j 

'-' I ~~l 

('0\1\11· '.\TS: { I 1 ,\n iJlh·m,111\'t' Jpprn.a..:h h., c\·aluaHng the hci.it lu,-, from J Jrt.rn,;h: ,mp. lot t:,.amplc 

,1nr 5. \\ifJlllJ t.ik~ the 1,111n 11 I ii,(.lL .. \\ >rr - T. J where h l - h ..... •u. or ti j ~ (11 •·' u ♦ h ... \l J/'J 

1 ~ 1 hom the L.1hul,11cd rtsuh'i. n1,1c 1haJ f•lr t,...~Lh flo1i1, cumh11uni, 1ht hi:,u r.ict !t11 c.t~h !-lnp .u1d th~ 
cri11rc, hc11tc1. incrc.1."4.-"I \\Ith nl4'~.t,mf ,.m \·du,,;U), f;or hoth lln,,., ,.t1nJil1on, .anJ lur ,m) •ri.-\ 1ftl."d 

~-chx11~. the "''"P ht".:JI ratcJ c.l.::..:re.oc \\1th ln1.":rc.t11u~ J1\.l.anc..e trnm lhc lc.ufmg ~~~ 

I,\) ·nic dl<ct nr n,,\o\o cilnJ1uon ... l.11n10..r ,_, tulh 1urtiul1."fll flo\\. un Atnr heat ratc1o 1-hl•w i ,or11ie 
lJlll!,pc::~1cJ t,t."h.L\tur fur tht': u. =°'ml, '-'onditlfln, lht" cll~.:-1 '11 turbukm no..., u h1 111uL'.isc 1bc hc.-1 

r.i1t>,. l\'.lr lht t'nllte ht:Jkr anJ lht lcmh .mJ hJlh 'atnr1, F"'r lht! ll • ~ IO n'li/~. 1hc: cffc'-1 c,1 tudrul.:nt Ihm, 

1< h 1 1nul'.nc lhl' hr:u tJIC\. .11 .ill l~.ttt, .. n, TIU\ hdw-.1or t, ii i:t:•n,l·~t1c.·ncr: ol ILn, Re>m1IJ1 auml,,cr 1Rc. 
;lJ X' llfl .n ._, .;-ll ~~ m "llh u. = Ill ml-. 

tJJ T,1 m,m: full~- Jrpn:c1at~1he rtltt..::t; Jue 10 l,uuuu, \\ 1urt,ulcm llu\\ c.,,nd11mn:. JnJ ,llf \·~k ... -11~·.11 h 
Uktul 1-; nanum.- 1be h1C.tl ~1.-,dfo.1.:nl 4) a lun .. 11,,n 01 J1,1i111t.:e rrl'lm rhc 11.:.1,hnr r:d~< Ho,\ ,t ,,uJJ )OU 

u.;c llh· tL.,.uhs rlottcJ l"Cluu. 11:l t,pl~111 ht.'.11 nuc ~i:h.nwr ~, 1Jl'n1 111 the ~umm.11"\ 1.ihk ..il,,ct\·e. • 

'VII~- r-- -~ ~ -

:it~ 
+ 

1 
t I-

'-~·~ t 
•• • • ' + • ; 

-.....----.. ..... 
- --•~---- ... .. - -·~ .. , _ ,.;,_ .... ... -- ..... , ...... _._ 
- -• o ......... ....__ 



PROBLEM 7.13 

KNOWN, Speed and Lempcraturc of atmospheric air 8owicg over a flaL plat.e or 
prescribed lecgth acd tempera.Lure. 

FIND, Rate or heaL transrcr corresponding Lo Re,,c = 105

, Sxl05 and 104

• 

SCHEMATIC: 

ASSUMPTIONS: (1) Flow overt.op and botLom surfaces. 

PROPERTIES: Table A·,l, Air (Tr-348K, I atm): p= LOO kg/m3 , v -20.72xl0_. 
m'/s, k - 0.0200 W/m·K, Pr - 0.700. 

ANALYSIS: Wllh 

u00L 
Rei, - -- -

LI 

25 m/s x Im 

20.72x10-• m2 /s 

lhc flow becomes turbulent for t>ach or the three values or Re,•· Hence, 
• 

NuL = (0.037 Ret/s - A) Pr1/l 

A = 0.037 Re:(: - 0.664 Re!!: 

Re..c 105 Sxl05 105 

A 160 871 167 l 
NuL 2272 1641 031 
ii'L (W~m•l 67.0 40.1 27.8 
q' (W m) 13,580 0820 5560 

where q1 = 2 hLL(T.-T ,..) 1, the Lotal beat loss per unit width of plate. 

<J 

COMMENTS, Noi.e that bL decreases with lncrea.siog Re,•• as more of the surrace 
• becomes covered with a laminar boundary layer. 



l'RUUI.I \I 7.1~ 

..... ,o\\" V••k,i,.u~· J.nJ l~mpcr.ttUh~ l!I .nr m r.u-alltl l'IO\\ 0 \t:I., 11.11 pl.ti~ 1,f I m lc-nidl 

fT\O 4,11 C Jh.:ulu1~ .ind plo11hc- , ·.m.:u111n l1I 1hc lt,i.:.,I l'C•nn•t11,,n cr-cllklcnt. h,,,.,. \~ilh Jt,.tJlh.C fN 

lfo\.lo l,rdnll'n, rorrPpnndmr 1u cr;an,UK1n RcJn1.1IJ I numhco L)I 4i Y. ICJ 2 fi ,.._ HJ :1nd ,, 1 hill} . ' 
1urhul1."n11, 1b1 Pltll die -.·.;1n,uu1n oi the J\C::ril.gc .._ .. ,m.·L111ln L1'o(Jllti:lt'nt. h.t , l , l11r th~ thrtt flo"" 

, ,,nJ11mm, ot p;m , .. i, anJ 1,l llt'1.crm1t1c 1hc J\cr.1~ 1o.OR\t'\'.IHm 1.uel11,11.·nL\ !(It thec-nwc rl:itc: j;L f 'lC 

lh~· lhri: flu~ ."<·nJ11to11, ul r.in I .ti. 

Sl l{[\I \ flt" 

'.; T1=300K 
\ 

, 111,) - \ 
~•2mn - \ 
p•, attn - • 

·, t=tm 
•\'-Sl \IPTIO'\S t I St~.:sJ) ..<atJlt' ~onJ111nn,. 1 ~· C.1n~1.1111 lloUrt.u L' h:mpa .a1ure .mJ n I Crmc.,I 
RL"~ nollb dcp,md .. ttr,,_.n rrrk:nht-J fln\4 , und111(•nl. 

PROPFRlll-.S: r,,ltl,· A .J, ,.\1r(T = 1UOK I Jtm1 ,·~ l"i.h•l'J( J11• rn"1\, l = 0 0:!t:J \\ Im" 1'1 =-
0 "'O" 

'-~ .\L \"SIS 1..11 Tht Rc)'n(llJ,. number ft'r 1hc pl.rte r1 ~ I ml Ii 

kc _u.L = HJm,-lm • b1Q•ll_l, 
I. V 15.li9 I() m· /I 

H~n&:t<. the N'lundJ.r) l.1~c-r cC1nd1u11n, .&JC' nu,cJ "1th R..-u a ' >< Io" . 

.;)I I ◄), 
lfRe ,. /Rcc) ■ lm I 0705m 

h~lh JU 

l f,lnt: thc- Jiff c ~1rrrlm11m T,1t,I. C.\Umul J-1n·" /D( al ,,~t11-:1tnh lor I mn,,,a, ur / u,hrl,·111 I Mn h,1 \ I 
1,1,a." c\·alu~11cJ .mJ plutteJ "uh ,n111,;JI Re) 11uhh nuntbcn (11 ~ x 101 

:!.....<Cj x 101 ~nJ u 111111, 111rl,ul~nt 1 
SL1IC' 1hr l01;.lth1tt 111 the 1,umn.ir-turPu1~nt tr.1mll1itn lor 1hc hnl t'ol.o lfo'll. i;unJ11111n, 

,~ 

-. 
• • 

., 

• • 

I .. 
! .. 

• 

;_ j r • 
,. • t + 
~ j • • 

♦ ~ 

;~J1 
• " • 

-- .. ., ... _. ¥-•·-­
. .... .... :01oo11,1-~ ..... - ..... , .... ---. .. ... 

.. ., 

Contrnucd 



PROBLEM 7.1~ lConLJ 

lh) l'img 1hc urr Conda.tum Tuol, £.ttun.al Fl'1k·. A,,,,a,, c.odftcletu for Lo.mmar or M1:ud 1-"lnw, 
h, (AJ \1,-ilJ C\'Q.l-uattd land ploclcd (orthc thrtt no"" cond111on$ Nocc that the ch.;mgc 1n h, (1J 11.1 the 
cnual kn11h . ..._. ,) nuhtr gmduAI, com~td 10 I.be 11brupc clun~c for 1h.c IN.~I c.ortrlCuin1. h,lxl. 

"" .. .. 
,. 
• 

t · ~ I + 
1, 

I . t -1'.. 

' . 
~ 

i l L ,, 

f 
. 

I j • ~ t 1 

• u •• •• 
-11ec:.1.0et ....... .. ---- .... , ...... ~--- ---o.~ .......... 

=tr 
! ' 
~ --
r i-
•• 

(c) The ll\ocna~ CQO\:CC.l1on coeffic1cnu for lhc: plJ.tc can be dcimmned from the nbovc plot ,:mcc 
h&. = h,(L) Tht \·illu~ (or lbc three flow conchuon:111ue. rbl'CC:.lJ.,.dy1 

h, 174.27.Sand 378W/m' K 

CO&~fENTSt A COf'Y or the /HT Worl...tpor, 0~ U1 gcnt:ralC the .lbo\lC' plots ii sho .... n below 

I fH1bod 0, SOlullon UH NI C<lt!WbOn Tooll,. &tMWI Row. RM PIie., kif flJ Local....,..,.,_ o, ...... 
IIOW lrld (ll)A--~. llil'N or,,__ low IO ...... 1'141 IOCltarld ~-COtftlKli:incotihlcMnilaa• 
MICllon ot......., on hi p1,... In Md\ OI .._ IOOII, 1N-.. ol 1"' cfflbll RfVnoicll,numbltr ~•-.c. can 
Dl1 Ht~ 10 ht lpKlal !low CIOtldllOf'll 

IICCirralaUOII Toot, e..,...,... l'k,w. Pl•te ,._,., t..oc.t. t.amlnar or turbul«it ilow, 
Hua.Ni,it EF_FP_LTIRh~.Prl N£Q723.37 
Nu• •ltc'•'" ~-. .,.,,, .. ,,... 
Rau; •••10 
If blllwte P~•---- II h lllm ~ILi~ r, 
llff •(Tl~• T1) /2 

r Correi•Don oner.-, Pllfllltl •ii.mat _. fEF) oYe1 a n., pr.i. CFP). IOtal coe,lloa,l llnwl.lr IIOw IU b 
A~<Al:C. Eci7.23, tUR>Ullntllow(T)b Al1>FIM:- Eq737,06-~ S.. T.W. 71 •; 

JI eon.&adon Toot.. fmwnat flow, Pi.Mi Plue, Average. twnlnM c,r mbtlld now 
~ •Nul_bef EF. FP_1.M1FIP:.Aec.Pf) N f.41 )I 7..39 140 
NuUw .. hl.bllt • c. I II. II O\a,,ged win.oi. trom L to :o 
·,~.t_ • Ull'II • • 1 nu 
,mobe • 1 oa 

r C,,;)111'1tor'IMw:t1c,tlOn P .. 1111.,,~llow(EF}ovw•flllP'Mti'FPl ~~aiTIIIWtl)lt 
RIL<Reu;, Eq 7.31, JTU.ICI (Ml I AL>Fioa, Eq f"3t ono f 40; 0 &a:Pr.,.-t!O S.. Tatae 7 I '! 

II PropwlJH Tool • Aln 
NAlr~rtyha'Qorw F10ffiTableA4 
•rUfti11r T(K). 1 atrn pr .. 1,11e 

n11 • nu_ T i-A•t". T" 
, • i.._rrw.n, 
Pt."' Trw.TI) 

If AutgiMd VarilMlff: 
• • I 
""11 • 10 
Tl .)00 

II Kil'IWNlc: Vi~ '""V. 
Hlhetfflltt~ WlffllC 
I l'randll nl.l!"Mt 

11 Dlltal'a '1om 1iN01nO ldg•. 0 .-. .-~ ~ m 
11F, .. ir.m~,l'l\lt 
N film ••wMIQ. K 

< 



l ' R O ULL\t 7. J S 

i\. \ ()\\ ' \d\lCII\' .inJ tcmrcr-.i.turc t.if \\,Her U1 rarJlll.'I lluw jl\Cf ,1 HJt i,l i.111:• 01 l·m kni:1h 

• t'IU I J L1kul.11c .md plu1 litl' \ .m.umn nt 1hr I01:,1I '1111\~"I 1un codi h. 1cn1. h, 1., 1, Y.'1h J,.,,1.m ...... l<1r 

JI,," ,:----.11dnron1i c11rrt."_,po11i.Jmi to 1r.u1,1th1n kt") 110IJ~ 11umhcu (If 5 x HJ\ .1 k LO' .anJ rJ null)· 1urhulL·1111., 

hi 1'11111h~\;,1r11.UH1n111 lhCJ\'t'fJgc.-1.-,1mci.:11cmt:oc!lll1,;1cn1, h.1,1 f1,r1he-1hrL•t." llo,~ l.:1-'UJ1tM11, 111 pJ.11 

41 Jn,t I• l>,:11.'rmmr lhc: ,l\'Cf~h.'.1! t:oU\'o.;llnn l'Oietfo. h:111\ 1nf tht! c1111n: rl,IIL' h. , '"' the thh.'t· flp',\ 

11n1ht . ., <ll p.1n c11, 

S( II F\J \ IIC 

\ T1= 300K 

\ 

- • 

L. , L • 1 m 
\ \ S l \ 11.,.t lo~, 1 I I ~IL".;uly "tat~ lnnJ11u.11u. t .! I Ct•lt!->lill1t .'urfocl' ttmf\l,!t .11urc JnJ t 1 \ C n11cJ.J 
Rc~nohl· d,·,•:nJ, upun rre~.:r1hN 11,,..., l11nJ111un,_ 

rKU PJ· R TI F S : lnM,· tl (), \V;1tL'r !'lOO I\.\ p : 9'>7 ~~rn• µ a !'1~'\ )(, 111" N \Im~. , . .: p/f) a- 0 S"S ) 

I(. m l =Ohll\\'imh.,J'r=-5k3, 

\' \ L \"SI~ 1.11 ll'l~ kc~-n~•ld, numb.!r fnr 1he pl.111.: 1 t = I rm i:, 

u~L 2m!1.»lm .. "' 
-e: , ..,~l'l1rdO 
v 0.M.5-8'"10'1.m•i, 

.inl.l the t,11\1nJ,U) l,l\ct ,~ tnu.~J u.nh R~ ... : ~ >: Ill" 

4i-. IO' 
I m .,-,,---,-~ O 2 I 'S m 

.? n:," lU" 

l. •Ing th~ 11/T ( m·rri11111111 Tuo{. t:.,tan.d Fl,,~. ta."' ::-oi:J f lt;lt!lth Ill( l.tumn,,r m rmiml .. m J.'/,.111. 11,,.,, 
v.,,, l!\,1lu;ih.·J JnJ rli,ucJ 1,,11h ,ruu;ul lkynotJ ... numbcu ui 5 x 10\ \Ox 11f .mU o I lulh turhuk1111 
~,1tt' 1hc IO:.allf'ln t1r 1h~ lum1n1.u-turhukn1 ir.rn,1111111 r~r the hnl t\H• Onv. cu11.d1t1un.,. 

·- \ ~ • 
i -

I,-!._~ I 

I ·- ~ I '" 
• - • ! -

• --
• I 

• .. •• • •• 

- ..... ., .. ..., ""'·----· ~, ., ..... -- ---·~-
C,'-lrll1nucJ 



PROULEM 7.15 (ConLJ 

fb) U•mg lhe. I/ff Corrtlarltm Tool. Lternal FlPw. A,:~roge coeffic.1cn1 (or LD.mu,aror Mu.~d Flok-. 
h, (x) ...,lU e-Vt1Ju-.ncd and proncd (or the three: no"" conch1ion., Nore th.ac the change 1n h

4

{1) nt the 
cntmll lenal.h. x., 11 nu.her ,u-adu11.I. comp;imd LO the a.brup1 change for 1bc local c:ocfficu~nt. h,(X). 

" r • I 
I 
f 

--
--• 

\J ' -r:. . 4 - r ..... 
~ ' ,--

' I ' . 
\ , __ 

f '- ~ 

t + t- - ,-, 
. • " .. .. -~ ..... -..... - .............. .. - ..... ,. .... ... ----·•~--

-+ . 
c-~ -

- . .. 

Cc.I The .a\ocragc convecuon coc:mc,cnts for lhe plat.e can be dc:1errruned rro111 Lhc abo\lC plot s1.ncc 
hL eh. CL). 1nc vaJucs forthc:: lhrce no"' coruhuon.s 4ft: 

ii, -41l0,4490end.S072W/m· K 

COMMENTS: A copy of lh• /HT IVorkspac, wed 10 gcnenuc 1hc ,bove plo1 ii •hown below 

r M•U,od Of SOl~don. UM !NI~ Tc;,olt_ Edlltniil Aow. Rat Plata. b (IJ local, ~a, tutWlfll 
lbw 9l'lcf ,.,, Awrf191. lllminaror ,ru:,o flow. IO ...... IAt tl'le loc.i ano .__,. CClll .. li)l'I ~ ... 
PUl'ldlt'Jltof~on N plaa In Mldtal ._. IOoll, !he.,... o, l'fcnlieaf A4,ynoldl n~. Reiu., at 
be .. , COl'1'91l)O'lcllng to lht apecild liOw condill0n1 ., 

• COfT'elJibOn Tooh &teirnal llow, Pl•t• Pt.-. Loca~ .. min., Of tlll'b~I now 
Hu..:•Nur.__EF_FP .lTfAtA,~Pt) hEq7Z'3'1 
H\a•l'\lt"•Jlt 
Re• • Ull"d ... ',., 
Abe• t•tO 
II fvallMHl ~ Ill Intl ... I .. t48WU... ff 
Im • (1)nl • T t) / 2 

,. CclltellllOft Oncnl)lkln Panllel Uilfflal flow (EF} O'oW" a S.1 pwe (,:PJ, b:lfeotllclenl; 11nWw 110-, IL) tor 
Reli<Al!t EQ7.23. twCIU.._ICJw(TI to,~ fq7,37. Ok-Pfc..e(I Sff Tatite7.I •1 

IIC-G,.,..atJon Tool:: e:.t.mlJ Flow, Plllt P"•• Aver.o-1 i.m1M, or ml)IKI now. 
NuLDI, • MA..__blt U- FP _LM(A•• Rlllte Pfl N Eq 7..31. 7.lt 7' AO 
Ni,,U., • hi.bu 'Ai It. N ~ vati1itN lrom l 10 a 
IIJlet. ., Ull"II ' ll I "11 
J.'Rt-.•5DE5 

r ~oon ONCf'IPIOrl• p ..... Wat'Nf flow {EF} °""" ....... (FP). IYWllgt CINftlcie,,r_ l■rtllnar (L) If 
R.i..<Ruc, ~7.31 nu«ICMI If ~e. Eq7.3911ld740;01<•Ptufl0.S. Tablt79 •, 

"~••Too1-w • ..,, 
,, W1lef P,op+,ft' ~ _ f dtpa~ ff'Dffl Tt,bie A.6 
•- T(l(I, O(bllo,J: 
d •O 
P•pal_T("W•ht(', TI) 
nu •nu_T-."'Waer·,11.-1 
k • ll_ Ta("W».,-,TI.-) 
Pr - Pr_Taf'W...-,TI.(t 

II Ahlgn~ Vfflllbln.: .. ' ...... 
Tl•JOO 

IIOLalily(O-..llqUic;Sor 1....,'4J)Otl 
HSunbon oraa,,,, r., 
II ~be. .... ty. m"'Zll 
11 Thermal ~r.-. wrm 1< 
II ~ Nllft>ar 

I Dlatane.rrarnlMOngedQe-.O<-:..u. i m 
II FAIUIJUmvelOClry, 1!\11 
II Am lM'IPIIIMllt._ K 

< 



PKOHLl \I 7.11, 

1-\N()\\ N: Tcn1~.11l1h:' ,mt.I \·d""tt) nf .umo<,rhenc .1.ir in p.:irJHe1 lltm ah~f J plate of rrt~nheJ k111nh 
.ll'ld kmpcrotun:, 

1-1 ~l): 1 a1 A\ cr;ig..c ht.II lrom.sfcr codfi~1i:nt, 1 ht l.u.:....1 .: ~u ,._ 1~n1 ;at 1hc mlJp.11111. 11.: 1 Pl,11 1hc \Jn,iflon 

,1J lhc h~at flux wnh dh1,;1n<c-

sc,rEM.\TIC: -Alf > 

u_•2mfl 
T~• 15"C 
p•\atm 

---
-, 

\SSl \lf'TIO~S: 1 11 lfmfonn ~urtJ.C.t lcmptrorutc,, !t R.:0 :;;. 5 ,-. 101 

- r,, 140 oe 

rKOVl RTIFS; Tuhl, ·\ .J ,\u IT • ,,o.~ K • ,,o K. 1.um1 \';; ~() Y! • 10" 1111
/.. l ~uu~ \\,rn ~-

Pr: I "OO 

nm.rd bounJl.U) hayer c;:ondnmn'- C\1\t 11.cnc:c. u,mg E.q 7 -II, 

ii, ·: ~(0011Rct•871)Pr"' 

ii,~o.OJ~: K[0.017(1414•10'(' •l>71f1170i'" •l••W/m· K 

tb) \\' uh 1hc 1ran,1t1on lc1w1h .u 

,, ~ L(Rc,.:R•Li l m(5 , lll'/1 Hl • 10')-1 l).l~m, 

Jhc mJdpmnt U,-= I , m1 ,., In lurhulcnt llrr~ Ucn.:c. u .. ,ng ht 7 lJ, 

< 

2~JW/m 

t.:) Smc.: q:-:, h.tT. - r.). It fotlOw!S. lh.Jt lhe lu.:.il ht.-11, nu, \\Ill \ill'),' w11h' J., l~ hx.11 \.'.~M\~.·uc,n 

.:odftcitnl from th~ fon>gom.~ re!!-UI~. h. \ .me, ,1,,. JJ ;1nJ , • 111 l.irnm.sr JnJ turkih'nl lk,v. 
rt,pei;,:h\·ch ll•ins th( IHT rorrr/011011 Tool, £utnwl Fltm, Fial n,m-. lm 111 l.'.oclti(l~n, Im L,mm,,, 
m Turhulrm lfov.-, h, t~l 'A.u C'\.,1l1J..Jrcd .inJ 'j,' ,.ih:ul..a1cJ .t, a fun.:uun N dm.inc~ 

... -
-

i 
D• 

• • --~ 

' I ,,.. I 

' 
1 

' • ' 



PROBLEM 7.1.7 

KNOWN: Two plat.os or length L and 2L uperienc• parallel flow with a criUcal 
Reynold• number or 5x!a5. 

FIND, RoynoldJt numberw ror which lbe total heel tranarer rate ii lndep,,ndent or 
orie.at.atlon. 

SCHEMATIC: 

.... _ 
ASSUMPTIONS: ( I) Plale t.emp,,ra,urea and Bow eonditiona are equivaltnl, 

ANALYSIS: The tolll.l btaL transfer raie would be tho same (cu, • 'Ill.), tr the 
coovt-ctioa coe.fllc.irall were equal, hL - bu., CondiUom for which such .an equaHt.y ls 
pouible may be in/erred from. a sketch of hL verwwi ~-

S,ID 
•zt.o 

For laminar Dow, it. foUows lhat hL u L - t/1 for Rei. < Re-.,c• Simllarly, ror mix.NJ 
laminar "'1d turbulent flow 

bL • c, L -I/I - c, L _, ror Rei_> Re..c 

and ht wlll vary wllh RCL u •hown. Hence two po..ibillllea are 1ugg .. c.ed: 

Cuc (a}: Lunin.,. Ilow mdst.a on t.be 1horlt.r plate, wbtle mlxed flow coodlUao.t exilt. on 
the longer plat.e. 

Co,, (b): Mixod boundary layer condllion1 •xiii on both plates. 

ln both caaea, 1t. ls required t.b.tlt, 

and 

Coulinued ..... 



PHOBLEI\I 7 .17 (Cont.) 

Ca&, {a): From expression• for bL in laminar ruid mixed !lo" 

0.664 ~ neL" Pr11' = ..!..10.037 Re~(.i -117 I) rrl/J 
L 21. 

0.66•1 Re/.'2 = 0.032 Rc/f5 - ·135 . 

Since Rei. < SxJO; and R•2L = 2 R"L > 5~ 105 , Lbe rcquirt·il ,~lu,• uf Hct mn) be 
narrowed to Lb" ra.ngr 

2.5>:105 < R,•L < 5., 105
• 

From :, Lrlal-,md-error solution, iL follows that 

R"t. ;,: 3.2, 101 . 

C,ut (b): For mixed Do" on bolb plat,.. 

or 

~ (O.oJ; Rctl• - 871) Pr11• = 
2
~ (0.037 Rcl(\-s11) Pr1~ 

0.037 Rel'5 -871 = D.032Rct'5 -135 

0.005 Ref5 = -136 

Re1, "' 1.50>< I 06 , 

<l 

<J 
COMJ\-1EN T S : (1) Note tbat it is impossible to sa1i,fy the rcquircmcoL 1hnt ht - h:L 
ir Re1, < 0.25:- 105 (l:.mioar flow for bolb plates). 

(2) The results are indep,•ndent or the nature of tbe Ouid. 



PROBLEM 7 .18 

KNOWN, Waw Oowing over a Oat plate under •J><l<i6ed condllions. 

FIND, (a) Reu LraoJJfor rate per unit ..,Jdth, <f(W /m), ovaluallng properties at 
Tr= (T, + T,.)/ll, (b) Error in q1 rcsullin1 from evaluating properties ai T.,, (c} Real 
tranafer rate, </, Ir flow la -•med turbulent at leading edge, • - O. 

SOBEMATIC: 

/9' 
I FI 

ASSUMPTIONS: (I) Steady-1late condition1. 

PROPERTIES, Table A·6, Water (Tm-◄• c-277K): Pr- IOOOkg/m', µ,- IS60xJO-• 
N·•/m1

, v1-1't/Pt= 1.S60xl0-• m1 /o, kr=O.S77W/m·K, Pr=ll.t◄; \\rater (T
1
-2V5K): 

v-O.V81x10·• m2 /o, k=0.600W/m·K, P,-&.62; Water (T, •◄O• C-JL3K): µ-657><10_. 
N-./m2 • 

ANAL YSlS: (a} Tiu, heat rate ls elven u q' -hL{T,-T00), and b must be estimated 
b7 the proper correlation. Calculate 6n,I the Reynold• aumber using properties 
evaluated al Tr: 

Rei. - u..L - o.a m/ax 1.5m - 0.36Sx10' . 
11 0.06lxl0-•m• /• 

Hence Row ls mixed and Lh.e appropriaLc correlation and eoovection coefflc1cnL are 

NuL - fo.031netl>-s11f Pr'/J • 10.037(V.365xto')'fl-s111s.e21/ 3 -2s22 

- NuLk 
hL = I, 

Renee heat rate ii 

_ 2522x0.806W/m·K • IOIOW/m'·K. 
1.5m 

q' = 1010 \V /m'·K x l.6m{◄0-4)' C - SS.OlcW /m. 

(b) Evalut.tlag properlie■ at the free 1tream temperature, Too, find 

Roi. • o.em/sx I.Sm • S.?eoxio• 
1.saox10-•m• /• 

llDd Dow is still mixed giving 

NuL - I0,037(5.7GOx10')' ''-s11J ll.◄◄ '/J - l◄Z◄ 
bL • 1◄2◄ x0.577W /m•K/l.5m -575 \V/m·K 

q'- 575\V /m·Kx l.5m(10-4)' C - 31.I kW /m. 

<l 

<l 

ConLinued ..... 



PROOL[!;M 7.J 8 (CoaL.) 

(c) If Dow were tripped 0.1 the lcadlog edge, lbe Oow would be turbulent over lhe full 
leni:tb of the plate, in which ca.se, 

NuL - 0.037 Re•/• Pr113 = 0.037(9.365xl05)'i5 6.621/J - •1157 

hL - NuLk/1. = 4157 > 0.606 W /m·K/1.Sm = 1679 \V /m1 ·K 

q1 = hLL(T,-T 0 ) = 1679 \V /m1 • I.Sm (40--1) 'C - 90.7 k\V/m. <J 

COMMENTS: (1) H is Instructive to compare the correlntion of Pllrl (a) wilb lhc 
Zbu.k:iuska., correlalion IO], where all properties nre evaluated at T,, except for J's 
which is e,·alualed at T,. 

NuL = 0.036IRct!5 -9200] Pr0 0 
[ ¾] 114 

Nui -o.oao:(S.769, 105 )415 -112001 JJ.-1-1°•1 15
_
60

·<1° • ~-• •~. = -1000 I . /'11/< 

6~7xl0 N·s/m· 

hL = NuL k/1. = •I006, 0.577 \V /rn·K/1.5m - 15-11 \V /m:K 

q' = bL L(T,-T~.) = 1541 V.'/m'·K, l.5m(40-1)' C = S3.2k\\'/m. 

Uthe Jlow is entirely turbulent, the "0200" term for the NuL disappco.r, nnd 

;'/uL -5178 hL = ID02\\.' /m2 ·K 

(2) Comparing results: 

Flow Pa.rt. Properly Evaluation 

mixed (a) Tr 
mixed TIX,TI 
mixed (b) T"' 
turbulent (c) Tr 
turbulent T~,T, 

q1 = IOSk\V /m. 

Eqn. 

Text 
Zhukau:1kn.. 

Te)Ct 

Texl 
Zhukauskas 

q'{k\V /m) 

550 
83.2 
3l.1 
00.7 

108 

Difference (%) 

+25 



PROOLEM 7.19 

KNOWN: Temperature, preesure and Rttynolds number for air Oow over a fiat pla.te 
o( uniform surface temperaLu1!!. 

FIND: (a) Rate or heat lr1LOSfor Crom the pla.t.e, (b) Rate of beat tran•fer tr air velocity 
Is doubled and preaure Is incn:ased t,, 10 aLm. 

SCHEMATIC, 

@) 
u..,,,Re.• 4x104 
r..-so·c 
p•latm 

-- z 
f'l 
z 

ASSUMPTIONS: (1) St.udy-stal.e condition,, (2) Uniform •urfaco l.emperature, (3) 
Negligible radiation, ( 4) Re,_ - 5x to'. 

PROPERTIES, Tab/, A.-;, Air (Tr -348K, l atrn): k •0.0200 \V /m·K, Pr=0.70. 

ANALYSIS: (a) The heal rat.o Is 

q - hL(wxL) (T,-T00). 

Since lbe ftow is laminar over lbe entire plat.o for Rei. - ◄x10•, It follow• that 
-

NuL - b~L -0.88◄R•l"Pr'" =0.684(40,000)'"(0.70)113 -IJ7.0. 

Hence 

and 

bL - 111.0!. = 117.0 0.0200 W /m·K • 17.6 \V /m'·K 
L 0.2m 

q= 17.6 ~v (o.1mxo.2m) (100-so)·c-11.ew. 
m·K 

(b) With Pz • !Op1, ii follows that Pt - l0p1 and~• Vi/10. Hwee 

Rei.,, -[°';:LL •2x10( •:L ), •20Rei.., =8xl05 

and mixed boundary layer condiLionJ exist. on lhe plaLc. Hcnc.e 

NuL • b~ L • (0.037 Rel/5-87 l)Pr113 = !0.037 "(8x10')'"-a1q (0.70)1/3 

NuL -061. 

Hence, bL • 061 O.OZOO W /m·K = 1◄3.8 W /m'·K 
0.2m 

w 
q - 143.6 • (0.lmx0.2m) (100-SO) • C - 143.8 W. 

m··K 

<] 

<] 

COMMENTS, Note that, lo calcuiat.log Rei.,1, Ideal gu behavior bu been usu mod. 
It has alllO been usumod that k, µ and Pr are lndependeol or pressu,e over the range 
considered. 



PROilLEl\.1 7 .20 

KNO\VN: .,\Ir now rondilion~ on n('pn.-.\Lt• 111ld1'11 of• HM plate .. 

FIND: llr..at Hux bd...,,i.-n I hr twn ,trf".:uns at midpoint. 

SCIIEl>lATIC: 

2 ~ 
(E:J 

u..,,:l0=/• 
<>- r ... ~ ,.zs•c <>-

ASSmtPTlONS: ll) .\ir,-trc:i.m, nre :i..t otmaspbe-rir pre111ur", 1~) TransiLlon 
Rentoldt number l.1 5.<101 (:t) N1•gligihlc p111U' t"nndu<"tion rcsist:mre. 

PROPERTIES, Ta6I, .-1·1, Air {I auu): Stream I -(Tr :a:J~OKJ: =20.02<10-• 
m'f,, ,=0.030W/rn-K, r•,~o.iOO; Strtsim 2-{T,""300K) -1,.sn,10 • m'/,, 
I. •0.0283 \V/m·K. Pr=0.10; 

ANALYSIS: 

-~Lnam J. 

Strtam t: 

H~nce, at ll -- L/'1, stream I ls turbulrnt and at.re-am 2 is lamin:i.r. lf~ne•~, 

hL~., = {0.0206 n.u ... r,'"J p;;-k = 0.0206(1.434 • 10•)'11 (!17)"' < O.OJO \\ /m·K 
t• ... '•t• l).~m 

Al-"", 

i,L/2.1 •133\\'/m'·K . 

hL/1.l -{0.332ll•f!,i Pr''') L~2 =0.332(3.1-J;x1o')l."(o.;0711I' < 

hL/2, = ij,73 W /m' ·K • 

From the thermal drcnit, 

T. 

•oo • c - I')!:· c· " - •~ I 

q - (133\1"/m' K)"1 + (~.73\1//m'·K) 1 

l/1, 
I 

11.0203 W /m· K 
n.!.m 

T....2 

q" = I-IJ·I IV /m' . <J 
C01'tl\lENTS1 (l) N•gh-cllng tbe effort• o( axial conduction •Ion~ 11:r• pl;itr. it, 
l<lm('<tnturr Is nbtainod from IT=. 1- T,)/(T,-'l'_, 1)=hj1 fl,, =O.OGoG or 
T.-18P • r. (!!) Re1ult for midpoint. i~ 1ndr1Htntfwit of a.ir.1t.n-.:un dlrc<'li,,uJ~ Nol !O ror 
any other point. 



PROBLEM 8.1 

KNOWN: Flown.t.e and t.e.mperalure or water in rully developed ftow through • tube 
or prescribed dlamel.er. 

FIND, Maximum velocity and pressure gradient... 

SCHEMATIC: 

---

ASSUMPTIONS: (I ) Steady-state conditions, (2) bothermal Dow, 

PROPERTIES, Table A·6, Wa_ter (SOOK): P=008kg/m•, µ-85Sx10-• N·s/m'. 

ANALYSIS: From Eq. 8.8, 

Reo - 4m - ◄ X O.Olkc/• -soa. 
nDµ l!(0.025m)855xlO-e kg·m/1 

Renee the Dow is laminar a_nd the velocity profile is g-iveo by Eq. 8.15, 

M - 211 - (r /r0 J'I . 
u., 

The maximum velocity is t.be.re!ore at. r - O, the ceot.erUoe, wher~ 

u(O) -2u.,. 

From Eq. 8.5 

m ◄ x 0.01 kg/a , 
u,. - -=":"." = - ---,--:--~~-.,... - 0.020 m,, . 

p,r01 /4 008 kg/m3 x ,r (0.025m)1 

hence 

u(O) - 0.041 m/s . 

Combining Eqs. 8.18 llDd 8.10, t.he pressure gradient is 

dp 64 pu~ 
dx = -;:R:-eo- 2D 

dp 64 008 kg/m• (0.020 m/a)' 
-dx- - 508 X 2 X 0.025 m - - 0.88 kg/m2 ·s1 

dp - -0.88N/m1·m - - 0.85xl0-• bar/m . 
dx 

<l 

<l 



PROBLEM 8.2 

KNOWN, Temperature and mean velocity or water !low through a cast Iron pipe of 
pr..,crlbed leogth aod diamou,r, 

FIND: Pr ... ure drop. 

SCHEMATIC, 

~ 
T,,, .,27•c . ..__ . .., --- ~ 

---
c.,t ,rorr p,pe, 
D•OlSm 

ASSUMPTIONS, (I} Steady-state condilions, (2) Fully devoloped flow, (3) Constant 
propulies. 

PROPERTIES: Ta6/t A-6, Water (300K): p•GG7kg/m3, µ=8S5xl0-e N-s/m'. 

ANAL YS(S: From Eq. 8.22, the p"'"5ure drop is 

pu~ 
lip • ( 2D L , 

\Vltb 

Reu = pumD = VV7kg/m
3 

x 0.2m/s x 0.15m • 3.SOxlO' 
I' 8Ssx10-• N-s/m1 

lbe Dow is Lurbulent and withe• 2,6xl0-< m ror cMt iron ("'"' Fig. 8.3), it follows that 
e/D = L.73x!O- • and 

( ""0.027 . 

Renee., 

lip = 0.027 007 kg/m' (0.2 m/s)' (600m) 
2 X O.!Sm 

lip• 215◄ kg/•'·m = 2154 N/m1 

lip • 0.0215 bar . <] 

COMMENTS: For lbe prescribed geometry, L/D • (600/0.15) • 4000 >> 
(Xtd,h/D),.,. ""10, and lbe assumption o( Cu.Uy developed Dow throughout the pipe is 
Juslifted. 



PR0BLE~1 8.J 

KNOW'l: Tcmpcnarurc 13.nd \·eloc1ly or \\"Dier Oow m n p1pe or prcacnbcd d1mc.nj1ans. 

FINO! Pn:Jsu.l't'. drop wu:J pump powt:r ttquircmcm (or (a) a smooth pipe. tb) 4 cast iron pipe w1lh a 
clean surface. ilnd (c) imOo(h pfpc for~ runic of mean \'tloc1t1c• O.OS 10 1.5 mis. 

SCHl:MATIC: 

(water) 
Um a 1 m/1 

T,,. = 300 K _.,, 
L=1000m 

/ 
ASSUMPTIOKS: (IJ S10:i<ly, fullydev,:lopcd now. 

_.,, 

Call Iron pipe, 
D=0.25m 

PROPERTfES: Taht,A.6, Waacr !300 Kl p •997 kglm'. I'• 855 >< 10~ N slm'. v •µIp~ 8.576 x 
10, m-:/,. 

ANALYSIS: from Eq 8.1"n i\nd 8.22b. the pr6Surc drop o.nd pump po...,cr requuemcnt are 
1 

~pa(&L P=ApV=Ap{x01/4)u. (1.2) 
ID 

The flicuon factor. f. mil)' be: dctcmuncxl from figure 8.3 ro, d1ffcmit rel.3.u,·c roughnc~~. e/D. ,urfocc~ 
or from EA!- 8.21 forlhc ~h condluon. JOOOS Ren S5 x Jo', 

f•(0.7901n(Rc0 )-16-1)' (J) 

where the Re) nolds number 1s 

Rco u•O • lffl/sx 0.2.Sm • l.91Sw: 10• 
v 8.S76x 10·1 m1/• 14) 

(•I Smao,h ;u,far<. from Eq, (31, II I and 121. 

f = (0.7901n(2.91 ~ • 10')- I 64 r' • 0.01451 

Ap= 001451(997kg/m', lm'/s' /2• 0.25m)1000m • ?.S9x 10• kg/<'· m e O 289i>ar < 
P • 2.S9l< 10' N/m' (,.,<0.251 m' /4)1m/>= IJ 18N m/•• l42kW < 

th) Gut ,rrm cl,an .'fu,fac, Y..Uh c • 260 µm, the rclau,·c roughnos ls c/0 = 260 x 10• mlOlS n, = I 04 
< 10 Fn>m Figure 8.3 wllh Rco = 1.92 l< 101

, lind f • 0.027 Hcnc,:, 

op = 0.538 bar 

(c) Smnoth .surfar,: Usmg JlfT with thr exp~ss1on~ or pan (4l. the pn·uull.'! drop and pump l)(Tlol,Cr 
requtre:mcm as A func.t1on oJ mean ,·elocuy. u_ for the range O OS~ u111 ~ I .S mis ure computed and 
plount below. 

< 

Conunurd •. 



PROBLEM 8..1 (Cont.) 

• 
• 

I 1 9 . ~ •• I 

1 .. 
-il I ... ... .. , 

• .. u 
.... ....._.,llrlljll'VU 

---=-...i -,-.. ..... ,, 
The: prc3,,urr: drop JS .t 11mng function of the mean \ c:lodcy. So is: the pump power !lncc 11 l\ prupanJonal 
ta both &p md the mcan velocity. 

COMMENTS, ( I) No1ethat UD •4000 >>!•,,JO)• 10 ror,ul1)ulcn1 now and the .,.11mp11on orfully 
dc:vc.lopcd c<mdioon, t) JUSUfied 

(2) Su-mi« fouhng results tn increased Jurfnce rough~ and 1ni:rc.tSCS opcr.mng costs 1hrough 
,ncrcuing pump po\l, er require menu . 

(3) The /HT \Vorkspact u5C!d to generate the gmphic:1l1 rt'i:ult.s follows 

II , ,...u,e drop: 
dllltaf)•t• 11'10't.m"2 • L/ [2 • 0 I 
dellap ~-~11.o:i.s 
~. dtll8P . (pi. o,,a.,,).""' 
Power_kYl•Poww/ lCIOO 

N Eq (I); "" a.22,o 
}/ ~ Pa to * \SIi. 
1/Eq (2>, h 1.za, 
II""'"' for 1Q111ng graz,l1clf result 

II Reynolds AIJfflber ai,d fTl~io11, faclor, 
fltO•vm·o1"" "Eq (3) 
1• (0790"11'1{R.0)•1.IA)"'(·2) N Eq (4 ). Eq 1.2 t . tlftOCllh .ul1aca c:ondrt.ion 

II Proi,«UN T OOf • W1w: 
Hwa* ~ turaons .T ~ . F,om ,_ u 
/I Unl!S: TIK), O(bffl); ,.o 
mo. mo_Tlt{"W1ttf",Tm.•► 
1'11,1 • nu_ Ti('W.-1.,-,Tm,.ll> 

H A.HlgMO Vflrlllbl .. ~ 

""• I Tma300 
0-= 
L • 1000 

,, OUlliry t0.U1 lquid Of , .... vaporj 

"°"""'·-" KIMtMIICVIICOllity, fn"l2/I 

u-..-.... 
"u.n ~r.atut-. K 
II T 1M Cllal'Ml9r, m 
II Tut. lengtl,, m 



PROBLEM8.4 

KNOWN, Temperaturo and m1SS flow rate or various liquids moving Lhrougb a lube 
or pres<:ribed diamer.v. 

FIND, Mean velocity and hydrodynamic and lherma.1 entry lengths. 

SCHEMATIC: 

Me.rcu ry, watc~ 
or cngu,o o,/ 
,;,.o. 3k9/s 
T,. =2.7'E--,, -· 

ASSUMPTIONS: Const...nt propertle1. 

PROPERTIES: (T = 300K) 

Liquid Tahl, p(kg/m' ) 

Engine oil A-5 88'1 
Mercury A-5 13,529 
Wat.or A-8 1000 

µ(N·,fm') 

0.◄88 
o.1s2x10-• 
o.sssx10·• 

ANALYSIS: The mean velocity is given by 

u = ~ _ __ o_.o_l_k_.c._/s',-- _ 01.1 kg/s•m• 
"' pA, p,r(0.02Sm)2 /4 P 

v(m'/•J 

ss0x10-• 
0.113x!O-• 
o.sssx 10- • 

The bydrodyno.mlc and thermal entry lengths depend on Rec, 

R"1) _ ◄m _ ◄ X 0.03 kg/• _ I.SJ kg/s·m 
1rOµ 1!(0.025m)µ µ • 

-
D,O.OZ5m 

Pr 

8◄00 
0.0248 
5.83 

Hence, even (or waler (µ - 0.85Sxl0·• N·a/m1), Rec < 2300 aod the flow is laminar. 
From Eq,. 8.3 and 8.23 II follows ,bat 

Oo·DR l.91xlO-•xc/• 
ltd~• ·" eo-' µ 

OOSDR P (l.9lxl0-•kg/a)Pr 
X(dl.• • eo r--• µ 

Hence: 

Liquid u,.(m/•J ,,,,,(m) •1,,,{m) <I 
011 0.089 0.0030 25.2 
Mercury 0.0015 1.257 0.031 
Wat.er 0.081 2.234 13.02 

COMMENTS: Note the elfect o( viocosity on the hydrodynoatlc eotry length &nd lbe 
elfed of Proo the therm&! on try length. 



PROIILEM 8,S 

KNOWN: Number, dia.mdttr and length of tubes and now rale for an engine 011 coot« 

FlNO: Prc~surc drop Md pump power Cal for flow mtt of 81.gl.\ 1nd (bl as a. function of Oow nate for 
thcn,ngc5S rn S60 ki/, 

SCHEMATIC: 
N• 64 tubes 
n'l•8kg/s 

'"1. m/64 --- • ),,_ ___ ~)--

Tm= 300 K I··--- L •Sm __ __, 
ASSUMPTIONS: 111 Fully developed no,. throughout the 1ube1. 

PROPERTIES: Tab/, AJ, Engine oil 1300 K), p = 884 kg/m ', 11=00-186 kg/s·m. 

ANAL \'SIS: C•l ConsKlcrmg Oow through• \logic tub:. find 

Re • 4 m • 4(8~•) e 258 
0 •0... 6-b(0.0127m)00-186kg/, m 

Hence. the flow 1.s b.mtnllt and from Equ:.uon 8.19. 

6J 6J f=--e-e0.248. 
Rc0 258 

\Vilh 
rn1 0.125kJls{4) 

u = = ---'--==""-'-~• 1.1 I 6m/> 
• p(•D1 J) (88Jkg/m')n(OOl17 m) 

Equ1111C1n ij 220 )'tdds 

Cl I 

12) 

CJ1 

' (884la. m 'XI.I 16mi,)1 

\p• f~L - 0248!,;.;...;=--"--'-'-Sm =53.749N/m' =0.537b>r <41< 
20 2(0.01!7m) 

The pump po..-.-er rcquarcmc.nt from Equauon 8 23b, 

P=.\p•V•.\p·ri,=53.749N/m· Slq:/s, ••86Nm/,=J86W 
p 884 l L m 

lb) Usmg IHT wnh the ~prcss,ons oJ p:an (Ill. the ptcSsurc drop tmd pump power rcqm~mc:nt w, e 
Cuncuon o( Onw rou:., m. for lhe range S Sm S 601'g/s m coinpulcd Wld p1oucd be'low 

• 
• 

! ' f , 
' 
• 

+JI I 
• ,. ,0 "' .. .. .. 0 11>203040,0to 

Au-lPL,..-(ttO'II flbrraa '"°"'I~·•• 
Contmucd. .. 



PROBLE.\1 8.5 (ConLI 

ln the plo1 I.U)()i,.-t, note thal the pressure drop u linear w11h the no\,I,· mtc sin~~- from Eq\. (2), tho (ncuon 
f11c1ur 1, m\CMI} depe:ndcn1 upoo mean velocn)·. The pump pow~r. ho~\.et, ,.,, qu.11dn111c wnh the no-. 
rate 

COMME"'TS: ( 1} I( there 1s a hydrod)'oan11c ~try region. 1hc l\-ct11ge frk11on f3ctor (or the c.muc tubr­
ltngtb would e.-.ctcd the tu11y dc\·elopcd value:. thcttb)' mcn-a,:mg 6-p w>d P 

l:!:, ~ JIIT Wmt.rp<Jf'f' usetl to genc.r::uc the gmph1cal mulb follow1i 

II Reynold• numbllr and trktlon fK'tori 
A•D•••mdol1tfpi 0 D'mu) 
mdol'- um ' rt'O ·pi· O"i2 /.« 
mdol • mdol:1 • N 

II EQi l),Aeynctaa~ 
II Fn ,.w per U>t. kwl- Eq (31 
HTobll.,_.ima,HlubN 

I• Sot/ Re,O H FIQOn tacfot, 11'1'11"1af !law Eq tz► 

h Prenur• drop ana poww , ~1;iir--,,."4l 
dllllp• I• tho' urn--21 '2' 0 I' L 
dllacu,ar • oelapl 1e5 
Powtlf"•OMIC>"t'l'G:lllmaJ 
~'flW•Powet-/1000 

/I A■■i9Md n,lat,'9•~ -·· N •"' L•S 
Tm•300 
0-001%7 

i( Ao.- rat• 19, N li.lbN 
NN1"tlet0fl&.lbel 
I/Lef9h,1'1'1 
,,,....,,~Ufll, 11( 
1 r TIM dlan!ebtr, ffl 

NP~ l~I • EngJM ~I: 
rho•NA flOenMy. hO~ 
""' • o o,.ae "Vlacoalty, "liYI- m 

r Otta Bro..., rnuiu: CJn• l;Ulll. Pan (al -0 . ., . .,., Powe,_kW 
l N 
.... 1 . "' 

RoO 
Jm 
2570 
300 

__ .., 
""' ""' 0'382 ·-004a8 1M ,, 

um 

0 125 I 118 



PROBLEM 8.6 

KNOWN: Mean v~locity and temperature o( oi11 water :i..nd mcrcu.ry Oowiag Lb rough 
a tube of p,.,.cribed d1Ame1,er. 

FlND: Corr .. ponding hydrodynamic and thormal •otry leogthl. 

SCIIEMATIC: 

01l
1 

w11ter. 
or mucury 

u.,s. 10· m/s 
Tm ,27"S--<, _.. 

----

ASSUMPTIONS: (1) Sl•ady-state condiUoo.s, (2) Constant properties. 

PROPERTIES: (Tm =300K) 

Liquid 1"abl, p(kg/m1) µ(N·,/m 1) Pr 

Engln• Oil A-5 884 0.(86 6400 
Mercury A-6 13,520 0.l52xl0-: 0.0248 
Water A-6 007 O.SSSxlO-• 5.83 

ANALYSIS: \Vilb 

Reo - _pu_.,_D_ - !... >< 5x1o·•m/• x 0.025m - 1.2sx10 'm' /• !!.. 
/J Ji µ 

it follow, that 

Oil Mucury IValtr 

R"t) 0.227 1113 146 

Hence ror oach 6uid, th• Oow is laminAr and from Eqs. 8.3 and 8.23, 

Xi•.~ = 0.05 D R"D xrd,t = 0.5 D Reo Pr. 

He.nee: 

Liquid x,,,,(m) ~,,,dmJ 
Oil 2.84 xlO .... 1.82 
Mercury 1.30 0.0345 
\Vat.er 0.183 1.06 

<] 

COMMENTS: Note the e!Tect or viscosity oo the hydrodynamic entry length and the 
effect of Pr1U1dtl number on the thermal entry length. 



PROBLEM 8.7 

KNOWN: VdQClly and 1c.mpcnuuR profilo for lamm.u-Oow 1n 11ubc or rachus r. = 10 mm. 

FIND: Mean (or bulk) cemre-r.uure. T"" at thiJ a.x11al posiuon .. 

SCHEMATIC: 
u(t;. T(,; 

ASSUMl'TIONS: CI) Laminar in<Omprcmblc now, (2) Conmm propcn""' 

ANALYSIS The prucnbed \•c.toc.uy and tcml)C!mture profiles, (mis w,d K. rcspct,dvt"ly, 11ft" 

ulr> • 0.1 l 1-lrlr.)'I T(r) = 3-14 8 + 7S.O (rlrJ' - 18.8 Crlr,)' C 1.2) 

For 1nC'o1t1pres'1blc flow\\ 1th coni.tant ~ m • cnrcubr tube. from Eq. 8.27, the mQn temper.nun: anJ Um, 
the mean ,·clocuy. from Eq. 8.8 are. respccth,e.ly. 

2 1·· u. • .....,. • u(r )- r· dr 
r • 

Subsunmng the -.locuy profile, l:q, (I). Into Eq. (4) und lmegnuong. find 

"· = ~ ,: {o.1[1 - (r/r. )'~r/r.)d(r/r,) =2{0.i[½c,,,. l ' -¾(r/r.)'JL =OOSm" 

Sub$C1t.utmg 1hc profile~ and u111 mto Eq. (3). rind 

T.= 
2 

) • ,: I ' [o1[1- (r/r,)'Il{:l44 .8+7S.O(r/r, )'-188(r/r, )'} (r/r, ) d(r/r ,) (OOSm(, r; • 

T. • • J: [34• 8(r/r,) + 7S,O(r/r.) 
1 

- i&.8(r/r, J') - [34J.8(r/r,)' + 7S.O(r/r )' -18.8(r/r,J'Ild\r/ r ) 

T. =•{[17240+ 18 75-J 13) -(86.20+ IS.00-2.JS]I= 356K < 
The veloclt)' and temperature profiles aippcar all ~hown below. Do chc v~lues o( u. at1d T. fou.nd 11bo\lt' 
comp;uc wuh their re.spttti\·e profi.lei u you thought' h che nu1d be.mg he.i1ed or cooled" 

01 "" 
1 ... g .,. 

i 
i ... • ..,. 

t I f ... ' 
,., 

--t- t 
> ... ~ ! "" + 

0 ... 
0 ... •• .. •• 0 " •• OI 01 

All!MIOCIOl'CMII .. ""° Aacilt__,,.,. #lo 



PROBLEM 8.8 

K.;.'(0\\ N: Velocuy and lempe:rature profiles for lanuntu' now ln a pantlld plate ch11nnd 

HNO: Mean \'clOClty. U. and mean (or bulk) tcmpenuurc. T .... al th1~ uua) pos.l1lon Plot W ,·tluc:U)' 

.tnd tr.rnpt.rtuurc dl~ltlbutiom. Comment on whether values of Um ;md T • appear re.isonable 

SCHEMATIC: 

ASSU~lPTIONS: ( I) Llunuu.r 1ncomprtst1ble flow. (2) Con'l,tant p~nte"'. 

ANAi .. VSIS: The proc:nbcd vc:locny and t:cmpcra1ure profiles Cmls and 4C. respecu..,t.l)') 11re 

l 1.2) 

The mc.m vclocuy. u1111 folSow1 trom 1u dc.finmon. Eq. 8.7. 

m•pA •• •pJ. u(y) dA 

I J I J"' • • •- u(y) dt •- u(y)ly 
A., "· 2y. ·t, 

I 1·• [ •1 •• •- Y. 0.15 1-(y/y,)" d(y/y,) 
l)'• -I 

•• • 112{01s[( y/y, )-1/3(y/y,) ·n :: 

•• • 1/2 x0.75{(1-1/3)- (-1 + 1/31} s 1/2 x0.75 X 4/l • 2/3x0.75 • 0 50m/> 

The me.in t.tmpc:ratun:, T. follow\ from 111 dcfimu<>n. Eq 8.25, 

.,here 

Hence. :1ubs11wung vctocuy and t.empe.nuun: pcoftl~. 

I 1·•· T.•- u(y) T(>)dy 
u,.A, -, 

r.. 1 
i.['(0.1.!1-(y/y i'fi{s.o+95.66(y/y,)' -•7.83(Y/>,l'l"(>/Y,) (0.5 m/•)2y O _, ., f" 

r. • 
0
~ ~

2 
{[ ;(y/y ,) + J 1.B9(y /y ,)' -9 57(y/y ,l')- [1.67(y Jy,)' + 19 n(y/y ,) ' - 683(y/y ,l'Il ·: 

r. • 0
•
75 

{[27.32-1397]-[-27.32-(-1397)lls20.0"C 
0.5x2 

(3J 

< 

(4) 

< 



PROBLEM 8.8 (Cont.I 

The velocity Md 1cmpcnuurc profile1 alopg w11h the u- J.nd T. \.iluCl arc ploucd bcloYr. 

•• .. 
•• .. 

• ll...-!._:,:....;:..;;;:;;..;~.,l 

% 
;; 
" 

I 
" 

., . .. .. 
JO ,. 
" • 

' ' 

fl 
+ 
' 

..,. ... •• .. 
0.,,.w ... CIOOldl-.'(f'tO 

for the vcfoc-ity profile. the mcm:n \'eloc:11y 1~ 213 lha1 o( I.he centerline velocity. -u.a 2u(0)13. Note th,11 
the are~ above and below the Um hnt! ttppear U> be equ11J Cons1denn1 the lcmpcr,uure profile, \\c•d 
expec11hc mean Le.tnpe.ra1urc lO be closer to the ccntcrhne tempt-racure tince the \Clocll)' proflld wr1gha 
1hc mtc-gml town.rd the cie:n1.erlinc 

COMl\fENTS: TM intcgrat,on:s rcquu\.-d to obm,n u,. 11nd T.., Eq.s. (J) and (4). ~r;mld ill\U be performed 
us1ng che m1.rm,51~ func.uon INTEGRAL (y.x) m 1he /HT Wmhpaet , 



PROBLEM8.9 

KNOWN: Aow race. inlet ccmpcrnwre Md .,,...sun:. and outlc1 preS!ure or wa1cr flowing 
through• pipe with • prescribed surface hco1 race. 

FIND: (a) Outlet tcmpcnuurc. (b) Outle1 cempcratun: assuming negligible now work changes. 

SCHEMATIC: 

w.+,r 
m•2.kg s 
T,,,_; .zs·c 
p;•lOObor~ _. __,, 

• 

-

ASSUMPTIONS: (I) Negligible kinetic and potential energy changes. (2) Conswu properties. 
(3) Incompressible liquid. 

PROPERTIES: Table A-6. Water (T:3()()K): p =997 kgtm3• Cp =e. =4179 J/kg·K. 

ANALYSIS: <•> Accounting for the flow work effec~ Eq. 8.35 mny he 1n1egrn1ed from inlet 10 
outlet to obtain 

q,... = m [c,,(Tm.0 -T,._,)+ (pv>., - (pv);) 

Hcnc:e. 

'Icon, I 
Tm.o =Tm.1 + - + -CP1-i>ol me. pc. 

T =l5"C+ lo'W + (100-2)bllr(lo' N/m1
)1b:tr 

m.• 2kg/sx4179J/kg·K 997kgtn,3 x 4179J/kg·K 

T m.o = 25°C + 12°C + 2.4°C 

T.._0 = 39.4°C. 

(b) Neglecting Ille ftow work cffec1. h follows from Eq. 8.37 that. 

"-" Tm.o =T.,_; +--;-- = 25°C + 12°C 
mc;, 

Tm.o a 37°C. 

<l 

<l 

COMl\,fENTS: Even ror the large pressure drop or this problem, flow work effects mruce a 
smaU eonlribution 10 hen1ing the waccr. The effccu may justifiably be neglec1ed in mos, 
practicol problems. 



PROBl.£M 8.10 

KNOWN: ln1~m.al Oow wuh p~rlbcd wall ht;s1 nux: 8$ a funcuon of diaance. 

FINO: Utl Be3mning w11h a. properly defined d1fferr:n11:il contr0l volume. the uemper.uurc db1nbu11on. 
T.,!xl. (bl Ou1lc11<mpc,.1un,, T - (cl Skcith T,,(xJ. and T,(x) for fully dc,eloped and dcvolop,ng now 
c.ondmon,, and {d) Va1uc of untfonn w.'111 nux q: (mstc.cl of q: a :tx) providing 'QmC outlet tcmpcnuure 
.u found 1n p11n (al; sketch T .tx) and T1(,i;) ror 1l111 hc:1ung rond111on 

SCHEMATIC: 

@a1es, q' = aJt { ! ~':,m2 

I l x m • 
,--------:,, • Tm,o 

ma450 kg/h _, ' 

:_x [Tube, O L~JO m 
ASSUMPTIONS: 11) Steady••tllte condioon,. (2) Conslllnt propcn,o. (3) loc:ompruSLblc now 

PROPERTIES: Tobi< A.6. Woter (300 Kl c, a4.179 U/ki K. 

ANALYSIS: (~) Applying energy con~rvauon ,o chc control voJumc above. 

dqu.., • mc11dTm 

1,1,,hc~ T..Cx) ls the mi:zm temperature ill any ctou-sccuon and dq""" • <t' • dx _ Hence, 

dT u: -= mi; ~ 
• dx 

Separaung and mteg,ntmg wnh proper hmtt.s g 1\:C$ 

(b) To find the outlet tc:mpcrnturc, lei JI;= L. then 

T111(L)=T.,. 11 =T""' -.n.L"/2mc"' 

Solvmg rorT _ and subsmu1mg numcrica.l value).. nnd 

(c) For Jinrar k·a/1 Jira1ing. q; ~ax.the fluid tcmper1nun: d 11tnbu11on nJong 1he length of the! 1uhc 1~ 
qu1dnuic :u prescribed b)' F.q (4l From the con\·cctlon nue rqu:i11on, 

q; • h(•) xD(T,(•)-T.(x)} 

(I) 

CS) 

< 

(6) 

For fully developed now cond11.1on.s. h(x) = h. a conuan1~ ~nee. T,(JC) .. T 111(x) .:as a func:11on or du.runcc 
will be con,111nL For tk:\idopm, cond1uons. h(x) wdl dtcn:D$C wnh mcrcaiang d1-.tn.nec along li1c 1ubc: 
C\'t"Ot\.llllly :achieving the fully developed value 

Conimucd 



PROBLEM 8.10 (Cunl,) 

T,(x) 

. T n,(x) 

T m.l ..._ ______ ___ 
0 L • 

,d) For un;fom, 'l••all hllllfltu h~armg. lhe overall energy b11lw,ce on the: lube yields 

q•q;rtDL•mc,(T.._. T&J) 

Rcquuiflg 1h;n T "'" ~ 4-1 2"C from pan (a), rind 

q; (450/3600)kg/•• 41791/kg K(4-1.l-27)K = S77./DW/m' 
llD• Sm < 

'A here D 1-. 1hc dr~nnetcr Cm) of the tube wh,ch. "-'ht:n 1>~1ftcd.. wQuld pcrrml dc1c:rmmm1 the rcqtHred 
hc.i.t Oux. ~~· For umfom1 ht .. mng. Scctmn l .3.'2. we know that T..{x) wall be hnca:r with d,<11am;e. T,h, 
y.tJI .also be hncar for fulJ) de\clopcd eondJUons and appear Al fflewn be.low when the Oow ,, 
dcve.lopms 

T,(x) 

T n,(x) 

T m.t ':-- ------,--+ 
0 L X 

COMMEN"l'S: t lJ No1c th>«, should be cv,luo1«1 •• T • = (27 + .IJ)"C/2 = 109 K 

(2) Why d1d \\'C: ,huw T,(0) • T.JO) for both t)'pesofhutory when 1hc no""' was de"·elopu)g 1 

(ll Why muit T...(xl ht- hnti!T "''Uh distiincc m the c~ of uniform w:i.11 flux healing? 



PROBLEM 8.11 

KNOWN: ln1cm:tl Dow with con$CU11 surface hea1 Oux, q';. 

f!ND: (•) Qu:tlilarlve 1emperarun: distributions. T(x). under developing nnd CuUy-devclopcd 
flow, (b) Exll mean icmpcn,run: for bod, s,warions. 

SClfEMATIC: 

Flow-<> 

ttttttt 
• 

ASSUMPTIONS: (a) S1eady-sta1c conditions. (b) Con.ion, properties. (c) lncomprcuiblc 
flow. 

ANALYSIS: Based upon the analysis lcadmg 10 F.q. 8.40. no1e for the l:llSe or consmn1 surCacc 
heat flux condidons. 

dTm 
die= consmn1. 

Hence, regardless or whether the hydrodyruunic or thermal boundruy lllycr is Cully developed, ii 
Collows thoi 

T .. (x) is linear and 

T .,,1 will be the same ror all now t-onditions. <l 
The surface hcnt flux can also be wriucn, using F.q. 8.28. as 

q'; ah (T,(x) - T m(X)] . 

Under fully-developed How and thcmw condi1ioos. b = hr• is a constan1. When flow » 
developing h > hr•• Hence, the 1Cmpcn1urc dlscribudons appear as below 

Fully dtvtlopcd, h constanf, Ts {11) 



PROBLE~18.l 2 

KNOWN: Geomell')I and coolan1 flow cooditioos usociaied with • nuclc:>r fuel rod. Axial 
variation or bca1 gcncrurion within lhc rod. 

FIND: (a) Axial variation of local hoot flux nod 1oi:al hca, tnlllsfcr ,me, (bl AxinJ vanation of 
mean coolant tcmpen11u11:, (c) AJ<inJ variation of rod surface lempcraturc ond location of 
maximum temperature. 

SCHEMATIC: 

@;v 
"' Cp 
T,,,.; 

.. .. .. 

Rod, 'i: 90 sm(,rx/L), 
~.D 

!<-d•~ 
• -=-<>or. d9 ',:=-'►.r. 

!'ft, flt I : -•• ll 

ASSUMPTIONS: (I) S1cady,sc11c conditions, (2) Consuuu fluid propcn,cs, (3) Uoifonn 
sud'oce convection cocfficicn1, (4) Ncgllgiblc .. inJ conduction m rod w,d fluid, (S) Negligible 
kinetic energy, potcntinJ energy and flow work changC>, (6) OUlcr surface is adiab,uc. 

ANALYSIS: (a) Pcrfonmng nn energy bnJAncc for n control volume nbou1 the rod, 

E,.-E.., +E, =0 -dq+E, =O 

or 

-<1" (1< Ddx) + 'lo sin (1<1(/L) (ll 0 2/4) dx 

The IOtal heat tnlllsfcr rate is then 

q ~ tL q" JtDdx = (1tD2/4)q. tL sin(mc/1...)dx 

D2 L D2q.L 
q=¾-q. ( ~cos';:') lo • 4 (l+I) 

o'L. 
q .. -i-q. . 

(b) Perf'onnlng IIJ1 energy balance £or n conll'Ol volume abou1 the coolani. 

m c;, T., + dq - mc;, (T ,,,+<IT ml= 0 . 

rii<;,dT,. = dq = (1tDdx)q" 

dT., = JtD q.o sin (ltll) · 
dx me,, 4 L 

<l 

(I) <] 

Coounucd ... 



PROBLEM 8.U (Cont.) 

lntegralJJlg. 

LD
2 

cio [ IOI ] Tm(•)= T m.i + -;r- ri, C:, I - COS L 

(c) From Newton's law or cooling. 

q" ~ h(T,-Tml • 

Hence 

q" 
T,= 11+Tm 

q.D. n LD2 <io [ it• ] T1 =--sm-+Tm1+--- I-cos- . 
4h L ' 4 mcp L 

To dctenninc the location or lhe maximum surfuce temperature, evoluaic 

d T, <io Di< "" LDl <io J< n 
- =0= -,,~cos-+- - - sin-

or 

di 4hL L 4 me, L L 

I u D • "" - cos-+-sm-=0. 
hL L me, L 

If< me, 
tan-; 

L DhL 

• 
L t ( me, ) x a - mn- --~ e Xmu . x DhL 

CO~IMENTS: No1e l'rom Eq. (2) lha1 

LD2 <i., 
T,._0 =Tm(L)=Tm.;+ . 

2mep 

which 1$ equivalent 10 lhc result obmincd by combining Eq. (I) and Eq. 8.37. 

(2) <J 

<J 

<J 



PROBLEM 8.LJ 

KNOWN: AJ<W vnriation of surface heat nu, for How through a tube. 

FIND: Axial variation of Ouid and surface tempcrntW"C5. 

SCHEMATIC: 

T.m• T./x) 9••9.• sin:ru.L ..- .S•ss.m 
T,,,,,,-· "V"""I:-"'"~_;~---''--=---:,:"- , 

-------' ---• ,_ 
I 
L 

D 

ASSUMPTIONS: (I l Convection coefficient is independent of x, (2) Negligible wtW 
conduction and kinetic and potential energy chonges, (3) Fluid is an ideal gas or a liquid for 
which d(pv) < < (c. T ml• 

A,'IIAL YSIS: Since Equation 8.38 is applicable, 

dT m q';P (ltD)<(~.,sin(~x/L) 
dx=-= 

me;, mc;, 
Separating variables ond inu:grating from x • 0 

J;-dT - itDq';.m f. . "" "-m - --- SIR~ 
.., mc,O L 

LDq'~ ltX ~· T .,(x) - T m.t = - ---cos-. L mc;, 
LDq" 

Tm(X)=T.._1+ '"' (1-cosJtx/L). 
me, <J 

From Newton"s low of cooling, Equation 8.28. 

T,(x) = (q';lh) + T ,.(x) 

q':_m . Jex LDq~m <J 
T,(x) = -sin-+ T .,., + _ _.:.;=( I - cos Jtx/L). 

h L ri-.c;, 

COMMENTS: For the prescribed surface condition. the Row is not fully developed. Hence, 
the assumption or const11n1 b should be viewed as a 6t>t approximation. 



PROBLEM8.14 

KNOWN: SurfKc heac Hux for air flow chrough a ra:tru,guhu chllllllcl 

FIND: (a) DiffcnmtiaJ equation dc$cribing variation in llir moan cc:mpc:raturc. (b) Air oullec 
u:mpc:ra1urc for prescribed conditions. 

SCJtEJ\.1A TIC: 

ASSUMPTIONS: (I) Negligible change in ldnctic llJ1d po1cndaJ energy of air. (2) No hear loss 
chrough bouom of channel. (3) Uniform h .. , flux a, ,op of chllllllcL 

PROPERTIES: Table A-4, Air Cf :e SO°C. I aun): Cp = 1008JJ11g·K. 

ANAL YSJS: (a) For the differential concrol volume about the air, 

e.. = F.,,,. 

me, Tm +q'~ (w·dx)=m<;,Cfm +dTm) 

Separating and inrcgnuing bc1wccn the limits of x =0 and x, fi ,,d 

-q.(w·,c) 
Tm(•)=T,._, + ---

me, 

q:(w·L) 
T 111.o c:Tm.i + ---· 

rile, 

(b) Subsri1udng numerical values, the air oudc1 1cmpc:rature i.s 

(700 W/m2) (I x 3)m2 

T.,_. =40'C+ 0.1 kg/s(l008J/kg·Kl 

T ,._0 = 60.8"C . 

<] 

<] 

COMMENTS: Due 10 increasing henc loss wilh increasing Tm, che net flux q; will actuolly 
dcc.TCaSc slightly wilil increasing x. 



PROBLEM 8.15 

KNO,\'N: Air inlet cond1t1ons WJd hc3I uun.sfer cocffic.enc ror II c1rt.'l.llar (ubc ol prescnbed geome1ry. 
Surr..acr h~ flux 

fL"-D: ta) Tube be.tt lflU'lS:fc:r mte. q. dlr outlet temperature, T • .,, tlnd ,urrucc inlet and 0,.11101 

tempcnuu~. Tu and T .... ror I umfonn su.rfilCc hcu.1 Oux.. q:• Air mean and surface tempcraturt! 
d1stnl:tut1on,: (b) VAiues of q, T111 ,, T.,, and T, lor II hncarly w.rymg i:urf-acc hc:at Oux. q; a SOOx {mt. 
Au mun o..nd surface ce.mpera,ure d1s.tt1but1c,n,,. (c) for each ,ypc of he:mng proc-cs.t (a & b), compute 
11nJ pl04 lhc meJ.D nuid and surfacc tt:n1per.u:ures. T.t•) .md T.b), ~pe:CU\·cly, Ill a functwn ol dm.1n,c, 
Wh;i.L 1~ effect of fonr-folJ rncn::a!CC m con,·ecuoo cocfficlenc. 3J1d (d) For ciU'h type of hca11ng pn~o,., 
hut Ouxc1 mautted to 111dl.t.tvr IUl outlet tcmpcra1ure of T fll.ll = 125°C, Plot tcmpcrutun:, 

SCHEIIIATIC: 

m; 0.005 kg/s 
TM.I; 20oC .,,.. 
p; 1 aim / 

h • 25 W/m2,J<. D; 0 05m 
q•, • 1000 W/m2. or q•; 500 x (WJm2) 

ASSUJIIPTIONS: (I) Fully do,·cJoped conditions in the 1ube. (l) ApplocilbUJ1y or E,i 836. (31 Hc•l 
transfer c:oc:(flc.en1 Ii the sanie for both ht:3tmg condioons 

PROPERTfES: Tablt'A..I. A1r((or an aJJJAmtdvaduc ofT_.=. I~. T
111 

= CTa,u + T_)/2 -=-60"C = 
'1) KI: Cp • 1008 kJ/1.g·K 

ANAL \1S1S: t:•) Wuh cons-tanc ~31 nux, {rQm Eq. 8.39~ 

q • q;(nOL)• IOOOW/m' C•• O.OSm x 3ml • 471 W (I I 

Frum tht: O\cra.U cncrJ>· b.'llance. eq 8.31. 

q .;71 W 
T •• ---T. , t--• 2o·c .... ==.,----:-:=-:--:--~ • l llSC 

me, O.OOSkg1,, 1008J ~g· K a1 < 

t-rom 1he conv«uon nue equiw.on.11 follo~" 1h-at 

T • T + q~ • zo·c+ IOOOW/m· =60'C 
u 111

' b 25W/m'• K 

< 
From &f 8.40. (tfl'.Jtlx) Ii a conittmt. a, t, tdT/dx) (or conuan1 h from Eq 8.3 l tn lhe more reah.im: 
case ror wh.1ch h decreases wnh. x ul the t.nLry region. (dT .ldx) 1s std I consuu11 bu1 (dT JdxJ dc:cn:356 
wuh mctU1ing x S« the pl0< below. 

ibl From Eq 8.38. 

dT0 500x(•Dl SOOx W/m' C• x O.OSm) •
6 

K/ 
= --'--' = ~~--~----'-• l ..1. X tn 

dx me, O.OOSkg/s• IOOSJ/kg K 

CcnunuCIJ 



PROBLEM 8.15 (ConL) 

lni:cgnmng Crom x •010 Lat follow5 that 

T., = T •. , ◄ 15.6f • ..ix = 2o·c, 15.6 ~[ • 2o·c + 70.l"C a 902°C. 

The heal nuc 1s 

q = f q;"dA, • SOO(• • 0.05 m) f.'..J, = 7~: • 353 w 

From Eq 8 28 11 then follows that 

•' 500 T. = T., + q;/h 2 T ... + 15.6T + 2.S Jt =- 2o·c+ 7.Sxl -+ 20x 

Hence. ut the inlet (X • 0) and outJct tx = L), 

T,.= 1502"C 

Nolt th>l (dT Jdx) >nd (dT.,/d,) both ,nc...uc lin,11rly wnh •• but (dTJd.) > (dT ,.Id,) 

< 

(6) 

< 

(c) The lorq:oJng rdatJon> can be used to derenmnc T ...(x) and T.(x) for 1h~ 1wo hc~mng cond,uoM 

Unifo"" ,u,focrjllLt. q=, Eq,. ( 1-3), 

(7 .8) 

Lmear su,jt1ct heatflu.r:. q; •~ . .a.= SOO W/m1
, Eqs. (4-6), 

T0 (•l= T., +(•.•D/2mc,),' T,(x) a T.(x) + •.x/h (9. 10) 

Usmg Eqs (7• 10) 1n IHT. the mean fluid 1111d .1wf11tc ttmpcratu:n:-1 41 a function or d1\tance m c:·vilJuJJ~ 
and plotted below The caJculaoon.t \\ctt repeated wnh the: coefficient ancreued four-fold, h = 4 x 25 e 
100 W/m2 K. As expected. lhc nu,d tc.mperntul'C: ~m1nncd unch:i.nged. bu1 the ,udac:c lt'mpcraturn 
dccrcas,cd ,inc:e lhc thcnnal rcs1sran« betYt·ecn the surfnce a.nd fluld decre:ued.. 

... ... ... 
"" .. .. 
• • 

fl . 

·• · 

,_UJJ • 
f 

' ++ -....... 
. 

j: 

• 

... ... ... ,,. .. .. 
• • 

711 f:± 
' ' 

j . 
' ' 

• 

(d) The rorceomg ScJ or Ct(Uauons. Eq1. (7• lO). m the lHT ~l c.ui be used 10 dt.ccnn1ne the required 
hell.I Ou.\es ror the two hr:tl1n1 condnions to achieve T _ = 1 is•c. The rt~ullS \\-Ith h .a 25 W/m! K arc. 

Unlfonnjlw < 
I ConJmued 



PROBLEM 8.15 (Conl,I 

The tcmpcnuure dmnbunont ruuhmg from these he:.;i1 Ou.xc, m ploued below The hat rote for btilh 
huung proc~"' S29 W 

-
G : ... 
- --
• --• • 

. 
+ 

.... -1---J .. r 

1; tfH-f 
• ..._ __ ,_ 

-·-·~ ... .,. .. ~ - ,., ... ...... 
150 

T("C) 100 

-
lo- .... 

• 

Ccnlllnlh 

o'---",~--!.2----!3!--- x(m) 

• • ----- .... 

COMi'\lENTS: Note 1h:u the assumed v,tluc for T..,. ( 100°C) 1n deternun,nJ the specific hc•u af 1hc 1ur 
Wll$ reasonable_ 



PROBLEM 8.16 

KNOWN: Lami.na..r, 1lug Bow 1n a circular Lube with uniform 1u.rfac.e he.at. fiUL 

FJND1 Temperature distribution ond NUl!dlt number. 

SCHEMATlO, 

r. 
\ 'l;<«m•t . 

----- ------
u (rl'_!!...o - - 'i, 

ASSUMPTIONS, (1) Steady, incompressible Dow, (2) Conot11nt properties, (3) Futty 
developed, laminar flow, ( 4) Uniform sur(ace beat Dux. 

ANALYSIS: \Vi\b v = 0 (or (ulJy developed Row and i!JT.//Jx - dTm/dx - const. from 
Eqs. 8.33 aod 8.◄0, tho energy oqu•tloo, Eq. 8.48, reduces to 

Uo dT., = ~ .!._ (• i!!r) . 
dx r 8r lh 

lotegr&ling twice, iL foUowa tbal 

Uo dTm r• 
T(r) = - -- - + C1 fn(r) + C2 • o- dx 4 

Since T(O) must remain ll.niLe, C1 - 0. Hence, wllb T(r0) = T, 

Uo dTm r! 
C,-T,----

<I' dx • 

From Eq. 8.27, with Um =- u,o, 

2 1'• T d 2 1'• Tm -- r r - -
r' o ,1 o • • 

From Eq. 8.28 and Fourlcr'a law, 

Sa dx 

Uo dT m 2 1 T(r) - T, - - -d (r0 - r ) . 
◄<I' X 

[ 
u0 dTm 1 • ] T,r - 40 dx(rr0 - r ) dr 

hD Nuo =- -s. 
k 

<] 

<] 



PROBLEM 8.17 

KNOWN: Heat tr11afer between fluid flow over a tube and flow through the tube. 

FIND: Axial vllliation of DJC4ll ccmpc:ranm: for inner Oow. 

SCHEMATIC: 

n1, T,,,,x, h; ----<> 
I 

I 
I 
I 

' 
' I 
' , , 

----<>T.,.o 

ASSUJ',fPTIONS: (I) Negligible change in kinetic and potenlW energy. (2) Negligible axial 
conduction. (3) Consmn1 i;,. (4) Uniform T_. 

ANALYSIS: From Eqwuion 8.36. 

dq= mt;,dTm 

with 

dq = UdA(T_ -Tm)= UP(T_ -T.,)dx. 

The ovcnll heat transfer cocf-ficicnL may be defined in terms of the inner or outer surface w-ea. 
wilh 

Ut P1 = U0 P0 • 

Fot the inner surface. from Equation 3.31. 

Hence. 

dTm = 1 UP dJt 
T_-T., mt;, 

or. with LIT= T _-Tm• 

fT• d(tlT) = _..!'._f,:Udx. 
AT, tlT mt;, 0 

Hence, 

T_-T.._0 ( PL-) ------=exp --u, . 
T.-T.._, mt;, 

<J 

CO~iENTS: The development and RSults p3r.lllel those for a tonstanL surface temper.mm,. 

wilh u and T - Rplocing ii and T,. 



PROBLEM 8,18 

KNOWN: 1lun•"'alled tube expcncnccs >inU$01dtaJ hc.11 nU); dt-Stnbut1on on ,he Willl. 

FIND, <•I To1ol r.uc of hcOI lmUfcr from 1hc 1ube to chc nu,d. q, lb) Au,d 01JclC1 tcmpcnuurc, T- (<I 
A'<1.il d1~111buuon or tht wall 1cmpcnnurc. T.cx) nnd Cd) Magnitude and po~111on or the h1ghc!it ~-.di 
1tmperaturc. and (e1 For prcscnbcd conchtioru. calcolalt and pl01 the mean Ou1d .tnd ~urfilte 
tcmpcratu~\. T ,.,hJ and T.{xl, rupects\·d)', lb a func;1.1on of dis.t11ntc along the tube; 1dc.nufy fciuure.s or 
the di.)tribuuon~; caplorc the effect or ±25~ changes in the con\·cct1on c:oefficicm on tht d1!!.tnbuuom 

SCHEMATIC, 
er, (•I • q; $In (u IL) 

(§uaj_ (II~l J,....,...[J));r,i,1 

m T ..7:·-·- ---:,- I rm.o 
m.i •- 1' L 

ASSIJMP'llONS: l 11 Sc,ady-11,\le cond1uon,. (2) Nesligtbl• kinetic ,nd potcn11,I energy ch>ng,,,. 131 
Turbulent 1ully dcv,:lopcd now 

ANALYSIS: CaJ The tuwl ru1c hut tr:raru(c.T from 1he tube 10 1hc nu1d 1.1 

lb) 11,c nu1d out.let temperature follows fmm the ovcralJ energy balance wub knowl~dgc of the hM,11 heat 
rat~, 

(2) < 

Cc) 1be wa.l d11mbu11on of the v,,all lempcratutt can be dcct.rm1ni:d from lhe rate cqwu,on 

q~= h(T (x)-TN(•l) T , = T~,(•J+q~/h (3) 

whett, b) combining e:xpre~1on.1 of paru (a) and lb). T ... ,(,() 1.s 

fq:,>1b:: mc.(T •. , -T._1) 

(J) 

Hc:nc:c, sub$1ituung Eq. (4) 1n10 t :\). find 

DLq" q• 
T,C•J =TN,• = [1 co,(nvL)]+-· <ln(Xl/LJ 

me, h 

(di To deknn1ne 1hc loamon of the ma..·dmum wall Rmpernturc ~• where T~,:c• )-=-T~ .. se1 

• . Qs- ---"-[1-co.(tt•/L)]+-" stn(••/L) dT{x) d {DLq" q• } 
dJc dx me, h 

DLq" it q" rt =·-· ttn(•x'/L)+..i, -ros(nx'/L)=O 
me, L h L 

( / q" /h -- - rn,, UU1 "'' L) • - --"''"--
DLq;/ mc, DU, 

Continued 



Pl{0 8LEM 8.18 (Cont.I 

(6) < 

A l 1h11 IOCll.100. tht wall tcmpe.ramre lS 

01.q• q• 
T _ = T,(••)= T., + - -·· (1-,0'(nx•/L)j+-'· .,in(nx'/L) 

' ~ h 
' 

(7) < 

fe) Conslckr the pn:.~nbrd c:ondi11c:uu for which to compute And p104 T .Cx) and T1(,), 

0 ;:;JO mm 

l•➔ m 

m =0,025 kJls 

c,•4l80J/kgK 
h • IOOOWtm' 

T.., • 25°C 

Uilng Eq., (4) and (51 ,n IHT, the ,.,ulu .,. ploued below . 

. , 

.. 
!, 
~ 

,. 
• • 

"' 
,. 

• 

q; • 10,000 W/m· 

• 

1l'C effect or .1 fov.crcon\'«tton coc.ffiden, ll to 111c:~~ lhc walJ tt.mpenmarc. The J»-,,1t1on or the 
nu.t1mu.m 1tmpemwn,. T---· JJlO\'CJ awa)· (rom the tube txu ~uh decreasing t:onvecuon c~ffie~nt 

COMl\LENTS: (I) Bcc"tUC the now 11 fully de,·clopcd 011d turb\alcnt. 1Usummg h is constnnt nlong the 
e.ntlrc length of the 1ubc II rcllSOn.:ible. 

(2) To decrrm1ne whether the T.(,r,) du.tnbuuon hu a maXJmum u-:uhcr lhlll11 m,mmum>. )OU should 
~vl&Ju111e d1° .<xYdA: 10 \h.Ow I.he v"1uc t!i indeed nr_gah'tC. 



PROBLEM 8.19 

KNOWN: Flow mte of engine oil tluotJgh a long 1ube. 

FIND: (a) Heat trlUlsfcr coeflkicnt, ii (b) OIJ~ct tcmpcnuure or oil. T m.o• 

SCHEMATIC: 

~ r'f.•IOO'C 

~ i ,;, • O.Olkg/a ---<> p' 0 
T.,, =60'C . . 

Tube, D-.3,.m 
L,3()., 
A••nDL 

T.._o 

ASSUMPTIONS: (I) Sieady••llltc conditlon,, (2) Consmnt propcn,eo, ()} Combined entry 
c.ondi dons exist. 

PROPERTIES: Tablt A·S, Engine Oil (T, = IOO"C=373K): µ, = 1.73xl0-1 N·s/m1: Tobit A· 
J , Engine Oil n'm=77°C=350K): "i,=2118J/kg·K, µ=3.56xl0"1 N·s/m1, k=0.138W/m·K, 
Pr=S46. 

ANALYSIS: (a) The ovcnill energy batonce ond rue equations have the fonn 

q=mc,,(T.,_0 -Tm,1) q=hA,dT,.. 

Using Eq. 8.42b, with P = nD, and Eq. 8.6 

R 4m 4 x0.02kg/ll ••• 
eo= .o,. = 1tx3>eJ0-3m,c3.56xlO-,N•flm1 • 4..,IIQ. 

for laminar llJld combined entry conditions, use &i. 8.57 

ii= Nuok/1) • 4.83 x0.138 W/m·K/3xl0"1m = 222 WJm'•K 

(b) Using Eq. (3) whh the foregoing volue of ii. 

(100-T.,.rc ( •xJx10"1mxJOm , ) 
(100-60)'C ="'P -0.02lcglsx2118JJ1<1•1C x'12ZW/m ·K 

COMMENTS: (l) Note 1hm requirements fonhe oorrcladon, Eq. 8.57, nrc satisfied. 

(2) The ossumpdon ofT .. for 5Clccting property value. was satisfllctory 

(3) For thenml entry effcc1 only, Eq. 8.56. ii= 201 W/m2·K ond T ,.,
0 

= 89.5°C. 

(1.2) 

(3) 

<I 

<I 



PROBLEM3.l0 

KNOWN: Lnlet ternpe:nuure and nowr.ue of oU nowi.ng through a Nbe of prescnbed rurf11ee 
tcmpcr11wtc Md geomcuy. 

FINO: (II) Oil outlei u:mpc.r,uurc and «>1.11) heal t.runsfcr r.ue. Md Cb) Effect of flC>Wrtl.lf'. 

SCHEMA'OC: 

0 5 £ml! 2.0 kg/s .,,­
T., 1 = 20 oC / 

0 •0.05m 

m 

ASSUMPTIONS: f I) Ncghg1blc ~mperttrurc ~rop IICtOI> tube w:tll. l2) Negligible lunct,c cn<rgy. 
potcnt.ra.l cner;y and flow ....-ork crrccb. 

PROPER1'1ES: Ti1ble ".S. Engine on (:tnumc T,..e l400C, ht.nee T. • s<f"C• 353 K)· p • 852 
k¥1m. v = J7.S x ,o•m'is. k a 138 x 10· W/m K, Pr a 490. µ apva0.032 lg/m ,.c,= 2131 J/kg K 

ANALYSIS: 1.1) For conswnl iurfttte LCmperaturc 1hc oil outlet temperature may be obuuncd Crom E.q 
842b Hence 

T •• aT, -(T, -T.,)u{-:~ii l 
To dew.rm1ne h l1rs1 cakuliuc Re0 from Eq. 8.6. 

R •m •(O.Sksi•l 398 t :-• a 
• dlµ K(0.05mXOOJ2ks/m ,) 

Hcnt.t" the now as l1mm11r Moreover. from Bq 8.23 the lhcrm:al entl) lenph 1s 

,,,, • OOSDRc0 l'r =0.05(00SmX398X490)= -li6m. 

Smee L = 2S rn the now ,s ror from being thermlllly fully dc-,loped. However. from Eq 83. ,,.. • 
O.OSDRc0 = 0 OS(O.OS m)()98) = I m 1111d i1 "n:ason•blc 10 n<1>umc: fully de•clopcd hydrod)n,,m,c 
c0nd1110ns 1hrouchou1 the tube. Hence ii may be determined rrom Eq, 8.56 

;cr--
3 66 

0.0668(0/L) Rc0 Pr 
~,uo a • + u1 • 

I+ 0.04{(D1L)Rc0 Pt) 

With (0/1.)Rc.,Pt a (0.0S/2S)398 • 490 • 390. 11 r.110.,, that 

- 26 
Nuo -3.66•---= 11.95 

l+l14 

- - k 0.138W/m K / • 
llenc:c. h=Nuu-=11.95--,...c--z33W m· 

D 0.05m 
K and u follow, ch;i.t 

Conunued 



PROBLEM 8.20 (Cont.1 

T. el~O'C-(LSO'C - 20'C)uj_ <(O.OSm)(lSm) •33W/m1 K] '1 0.5kt<is•2l31l/ kg K 

From 111< o,or.lll energy balance. Eq 837. 11 follows lhru 

q = mc, (T~, -T~) = 0.Skgj,x2DIJ/kg K x(3S-20)'C 

q = JS,980 W 

< 

< 
~ value of T -.o h;u been JTO,SSly O\ICl'Cltmul.00 m evalu;u:mg the proptn1e~ 'The pro~,cs ,hould be: 
rr--evulu;ucd iJI f =c C20 + ,,)12 s 27°C and I.hf cakul1111on1 repeated hemtlon ·,hould continue until 
s:itur~tOr} c-onvcraencc 1-5 octuevcd between the c:11lcul111cJ and :&.$).urned ,,aluc, of T "' Follov.1ng •ith:h 
a procedure. one: would ohwn T. ,= J6.4°C. Rep-=: l7.8, ii= 32 8 \Vlm'· K. andq = IS,o60 W Tbt: 
'inuJI effect of rcc:\''llwmng the pmpe:n1t:'l 1$ isnnbu1cd 10 the CQrnpe.nsn.ung effects on Re0 (ct lmrvc 
~rt:iUC) .and Pr (II large 1ncrr::LSC). 

(bJ The dlcct 01 ilowr.uc oo T., , and q w11., dctcnmncd by u.~ing the :ippropruate- lHT Cmu.lalw1U 11nd 
Pmput,n T oofpad\ 

•• 

11 -
1 ,. 
~ 

t -• ,. 
! 
! 

' f ,. 

f I -~ ,. 
"' , .... 

•• .. • •• " • u._..,.,_ "l'IOOll-.fl't,l t,t ... ~ -lllcloll'9,-"II 

The heal rote mcrco.\Cs wnh mcrcibmg m due to the ccim:"pondmg incte:l>C' 111 Rco nod hcrk:c ii 
Jlawt,c:r. the: 1ncrc:s~ 1\ not propomonotl tom. caUSJng (T._, - T •. , ) • q/u1c-P und hmce T..,, to 
Jcc:rc.uc wuh 1ncrclli1ng m The m:n1mum hc::u rw.e correspond, 10 the m.axunum nowr.ue ( m a O.~O 
li!/• l 

COMJ\1ENTS: Noic 1h>t >1gn1(1con1 •""• would b< intmduce.J by ns,umtn! full) lie, eloped 1hcrm,J 
cond111ans .uid Nuo -;;: 3.66 Thi: now n:m;um wt-II¥. 11hm the lam.mar ~gion O\Cr the cn11re range o( m 



PROBLEM 8.21 

KNOWN: Flow rate and inlet tcmperoum, of engine oil In • tube of prt$Cribed length, 
diamerer, nnd surface tempenuurc. 

FIND: Total heat ll'Msfer and oil ou~ct temperature with nnd without the llSSUmplioo or fully 
developed flow. 

SCHEMATIC: 

7;,JIXfC '1 --- T. .... 

ngine o,/ 

•9!• -
T.,_; .zs'C ___., .--

D,O/USm 

ASSUJ\,fPTIONS: (I) Steady-st•tc cooditions, (2) Negligible kinetic energy, potential energy 
ond flow work chonges, (3) Con,ruuu propenies. 

PROPERTIES: Table A-S, Engine oil, ITm = 3401<}! p=8(,()kglm3, c;,=2076 J/kg·K­
µ=5.31xHi1 kg/s·m. k=0.139 W/m·K, Pr=793. 

J\NAL YSIS: From Eqs. 8.42b nnd 8.37, 

T.._. • T, - fr, -T.,) .. p<- :: Ii) • 100'C- 75"Ce,p( 

T._. • tOO'C - 7S'CUJ)(- 0.000757><b) 

q • me, rr_-T..,) • 0.Sqi,xl076/lq-K IT •.• - 1S'C) 

With Reo • 4 mhtOµ a 4(0.S lc.g/s)/x(0.025 m)0.0S3 I kg/s·m = 480 the ftow i• lominnr. 
Considering the r/,ermo/ entry (te/ region, it follows from Eq. 8.56 tha1 

T.-, = IOO'C- 75'Ccxp{-0.0007S7"92.5) • 100'C- 69.9'C • 30.l'C 

'lo,j • l038Wll< (.JO. l-1S)"C = 5290W 

If fully de,,eloped (fd) conditions arc ossumed for the entm tube. 

h• ~ J.&I • O.l~/=•K 3.66 • 20.3W/m1·K 

T...c"' • IOO'C- 73.9'C • 26, t'C 

ci.,, • 1038W/K(26.l-1S)"C• t t90W 

<J 

<J 

<J 

<J 

COMMENTS: The assumption of folly developed conditioos throughout the tube leads to • 
large error in the ctlculalion or ii and hence q. Nom !hat 
•r.i., = 0.0S D Rep Pr= 0.05(0.025 m)480(793) = 476 m, which is mucil larger thon the tube 
length. The calculations should be repeated wilh prop=ies cvaluotcd 01 T"' = 300K. 



PROBLEM&.n 

KNO\\'N: Inlet cc-mperawn:: and Oowra.tc or o.11 movma through u tube of prescnbcd diameter au.J 
surface: lemix:r.uurc. 

FIND: (it} 011 outlcc tcmperanare T . .- for 1v.o lube l<:ngLhJ. 5 m and 100 m, and log mean lllld withrntl1~ 

mt.1U1 tcmperaru:re differences. th) Effect or Lon T.,. and Nu11 

SC!i£MATIC: 

m= 0.5 kg/s 
Tm,ls251/ / 

I'-...... D • 25 mm 

L 5 ~ l~100m 

ASSUMPTIONS: ( I ) S,eady•Slll1" cond1110m, (2) Neghg1blc kmcuc energy, po,cou•I cnorgy illld flow 
u.Ofk c:h:mgc,., {3) Con.~tan, propc:nLo. 

PROPERTIES: Tab/, A 4. 0 11 (330 Kl c,=203SJ/kg K. µ •0.0836 N vm·, l s O 141 W/m K. Pr= 
1205 

ANALYSIS: (a) U,mg Eq, 8A2b >nd 8.6 

T .. •T, -(T, -T.,)ox{-:~ii) 4m 4x0..5k~• 
Re0 •-•--~--~--- =304 6 •Dii •x0.0Z5mx00836N , m 

Slnce: cntr)' le.ngth efftcU will be s1gmfic:i.n1. u"C Eq 8..56 

iis!.[l61>+ 0.0688(0/L)Re0 Pr ]= 0l41W/m K[J.61> + 2.45xlO'D(L] 
D I +O 04{(0,, L)Re0 P1-t' 0.025m I+ 205(0, L)'" 

Fo,L = 5 m, ii ~5.64(3.66 t 17..51)= ll9W/m' K, hence 

T = IOO'C-(7S.C)<>p(- •x0025m x Sm x ll9W/m' K )•lS 4'C 
•• • 0.5k11sx:?OJSJ/kg K 

Fo,L=IOOm,h=5.64(3.66+3J8l:40W/m K. T-=449"C. 

Aho,Jnr L • 5 rn. 

AT s AT, - AT, • 716- 75 = 1J.3'C 
"" l n(AT,/AT,) ln(716/75) 

For I.= IOOm. AT,_=64S•c. 

< 

< 

< 

< 
I b) The effect of tube length on the outlet 1empemcure w.d Nu\~h number '\\llS detc.nnu'led by \u.111111\e 
Co",la.trtHU nnd ProJHrtr~s Toolp~cb o( JHT 

Conunu~ 
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PROBLEM 8.22 {ConL) 

~ 

v V 
,-

• "' 

§ 
f 
J 

.. 

.. 
,. 

• 
• • 

\ 
. I I j 

. l t 

i'\ l . ' - I'--. i 

I 

t t + 

.. .. ., .. ,., 

The outlu tcmpcnuurc approai.:he,. 1hc 1Urface temperarutt wnh increasing L, but e,·cn for L = 100 m. 
T.,, la well be.lo\\> T. Although Nuo dcCA)'J w11h UK'rc'1.Smg L. n 1.s suJI we.It 11bo,·c the (ull) de\t'loped 
1.JJue ol Nut1 14 =-) 66. 

COMMENTS: Ct, Tbe a,,era,gc, man tempcrawre. T. = 330 K.. was significantly O'-'CfCSUnwcJ. m part 
( i.1 ) "Tht- iaccuracy 11111) be impro\·ed by cva.luaung the propenJes :11 u lower tcmpcnuure. (2) U1e ur ..\T "'I 

mstcad or ~T,.,. 1s reasonable for small to modcnuc values or rr""' -T 111 .. l for large valut.S of (T ... -
T-.,), AT."' should be used. 



PROBLEM 8.23 

KNOWN: Etbyleoe glycol flowing throu,h a coiled. thin walled tube subm•rged in ~ 
we.JI-stirred water bat.h malataioed at a. consta.nl lempe.rature. 

FIND, Hl,at rate &nd requlr•d tube length for prescribed condition,. 

SCHEMATIC: 

Tl11n-w11lled 
~ul,e, n.3.,,,,, 

W,11-,tirrtd 
water b1th, 
r., . .z,s•c 

ASSUMPTIONS: (1) Steady-sl>te conditions, (2) Tube wall thermal reoistance 
negligible_ (3) Convection coeflicit-nt on we.ter side infinite; cooling process approximates 
cooatant wall ourracc temperature distribution, (4) KE. PE and Uow work changes 
oegli,ible, (5} Constant properties, (6) Negligible beat tran>fer enhancement "5SO<iated 
with lhe coilinc. 

PROPERTIES: r.~,. A-5, Ethylene glycol (T .. -(s&+JS)'C/2 -oo· C -a:t3K): 
•• =2562J/l<irK, µ •O.S22xl0-• N-s/m', k •0.260 \V /m·K, Pr =51.3. 

ANALYSIS: From ru, overall eoergy balance on the tube, 

"-• • m c,(Tm ,-T.,_;) = 0.01 kg/• x 2S62J/kg(35-$5) • C - - 1281 IV. (1) <I 
Fort.be. cout&ot. surface lempcratu rc cond.ilion, rrom the rale ~quation, 

A. = q..,,./h or,. (2) 

~T. 35-2,5 ( ) ..i.r,. = (..l.T,-..l.T,)/tn 3T - ((35-2&) ·c - (85-25)' Cj/tn bS-2.5 • 21.0 • c 3 

' 
Find th~ Reynolds oumber C.O dcLt.rmine flow conditions, 

◄ x 0.01 kg/• _ 813. 
, x 0.003m x 0.522xl0"2 N·■/m' 

(◄) 

He:nc.e, the Dow is laminar a.nd, ll!iuming lhe Dow i.s fully developed, lbe appropriate! 
correlat.ioo is 

- hD - k W 
Nuo * T = 3.66 , h - Nu D - 3.66 X 0.260"m-i(/0.003m • 317 W /m1 K. (5) 

From Eq. (2), l.be roquirod orOA, A,, and tube length, L, are 

A, - 1281 W /311 W /m'·K x 27.0 ·c • 0.1'◄8101 

L = A./•D • O. 14◄8m1 /ir(0.003m) - 15.◄m . <I 

COMMENTS: Note that for fully developed lllJTlinor Dow conditiooo, the requirement 
is satisfied: c,·1 

• (l../0)/Ren Pr= (15.3/0.003)/(813 x 51.3) -0.12~ "> o.05. Note also 
the sign or the beat ra<e q,.0 , when uoing Eqs. ( I) and (2). 



PROBLEM 8.24 

KNOWN: IJlle1 and outlet ICIIlpcnuurcs and velocity of ftuid Bow in rube. Tube dinmctcr nnd 
length. 

FINO: Surface heOI flux nnd iempcnrurcs ai x = 0.5 and 10 m. 

SCHEMATIC: 

ASSUMPTIONS: (I) S1cady-stotc condition.'- (2) COllstant properties. (3) Negligible heo1 loss 
10 surrouodings, (4) Negligible pmendal and kinetic cncr&)I chnngcs and ulaJ oonducdon. 

PROPERTIES: Pharmnccuticol (g1vco): p • 1000 kg/m3. c, = 4000 J/kg·K. µ • 2"10-1 

kg/s·m. k • 0.48 W/m·K. Pr= 10. 

ANALYSIS: Wilh 

ri, • pVA • 1000 Jc&lm'(0.2 ...,,),,(0.0127 m)2µ • 0.0253 kg/, 

Eqoalion 8.37 yields 

q • mc,(T.,. - T .,.) = 0.o2SJ kg/5(C000 l/lra·Kl50 K • 5060 W. 

The n:quired heat flux ls thcn 

q'; •q/A, • 5060W'-(0.0127 m)IO m• 12,682 W/ml, 

Whh 

Re•• pVO/µ • J(XIO \)1,'1111(0.2 mls)0.0121 m/b<t<r' tg/,-m • 1270 

the flow i• lnmlnar ond Equalion 8.23 yields 

,,., = O.OSRCo"'i> • 0.05(1270)10(0.0127 mJ • 8.ll6 m. 

<J 

Hi,nce. with fuUy developed hydrodynwruc und lhcnruil cond11ions ot x = 10 m. Equntion 8.53 
yields 

h(IO m) • Nu,,14(t/O) •4.36(0;18 W/m·K/0.011:1 ml• IM.8 W/m1·K 

Hence, from New10n's law of coohng. 

T,,. • T.,. + (q~/h)= 75'C + (12,682 W/m1/16',8 Whn'•KJ • L52'C. <J 
At x = 0.5 m. ("10).l(ReoPr) = 0.0031 and Figure 8.9 yields Nu0 " 8 for n lhcrmol enuy rcl)Jon 
with uniform surface heo1 flux. Hence. h(0.5 m) • 302.4 W/m2·K and. since Tm incn:nses 
linearly with X, T"' (x • 0.5 m) - T ... , + (T .... - T ... ,l(x/L) - 27.5°C. It follows 1ha1 

T,(• = 0.5 m) : 27j'C , (12,682 Wim'/3111.A W/m1 Kl 69.4'C. <J 



PROBLEM 8.25 

KNOWN: Temperature and mean velocity of oil in hydrodynamlC111ly fully developed llow 
lluough a dn:ular wbc. Tube dilll?1ctcr and length and 1cmpen11urc of heated section. 

FIND: Oil outlet runpcraturc and heat rn~. 

SCHE MATIC: 

ASSUMPTIONS: (I) Fully developed velocity profile. (2) Ncghgiblc kinetic nnd po<cntial 
energy and flow work changes. 

PROPERTIES: Table A.5. Engine oil (T.," 310 K): c,, = 1951 J/kg·K. v = 288xl0_. m2/,. k 
= 0.145 W/rn·K. Pr • 3400, pa 878 kg/m3 . 

ANALYSIS: From Equation 8.42b. 

T m.o = T, - (T, - Tm,,lcxp(-(>tDLJmep)hl 

where 

With 

m = J)(xo2/4)u,. = 878 kg/rn3 (1t/4)(0.005 m)1 l0 m/l = 0.172 kg/s 

u,.D 
Rco=-= 

V 

IO m/s(0.005 m) a 173_
6 

288xl0-6 m2/s 

the flow is laminar. For a thcnnaJ entry region. 

(D/1.)ReoPr = (0.005 av'6 m)(l 73.6)(3400) = 491.9 

and Equation 8.56 yield., 

Nu = 3.66 + 0.0688(491.9) = 13.4. 
D I +0.04(491.9)'!/J 

Hence, 

h = Oc/D)Nuo = (0.145 W/m·K/0.005 m)l3.4 = 387 W/m2·K 

T m.o = 150"C - (I 25°C)cxp [ 

Hcocc, from Equation 8.37 

n(0.005 m)6 m(387 W/m2•k) ] = 
37 9 0c 

0.172 kg/s(l951 J/kg·K) • 

q = m<;,<Tm.o - Tm.1) = 0.172 kg/s(l951 J/kg·K)(l2.9°C) = 4330 W, 

<l 

<l 

COMMENTS: (I} Although the flow is hydrodynamiCll!ly fully developed as II enters the 
heated section, it is not fully developed 1hcnnally and Nop "3.66. (2) Equruion 8.J4 yields q = 
4320 W. (3) Tm = 304.S K and the colculalions should be repeated with improved oil 
propc:nics. 



PROBLEM 8.26 

KNO\V'l: Tubing WLth glycenn \\:eldcd 10 transfonncr l111eml surface 10 remove dauipated po\l.cr 
Mwmuum allowable lcmpc:ruru.re n.sc of coohmt t ) 6~C 

f l.ND: r,u Rrqnutd coolant m.10 m, tube 1~Jth Land hneral spac:mg S bttwec:n 1um1; iind (b) Effect of 
nuwr.atc on outlet 1.empcr.nure and mu1mum po14-cr 

SCHEMATIC: 

T 
H wSOOmm 

Transformor, 1000 W Glyoenn, T m,I • 24 •c 
r-'--, 

r. ■ 47oc 

1
r:::=::i--o = 300 mm 

ASSUMPTIONS: t I) Srtad)'•SUUc conditlon.i, (2') All hem dt.u1pa1ed by 1rnn1formcr uaruf('rrcd 10 
sl><crm. (31 Fully dc,clapod no" er.in 1), (4) N•Jhg1blc k111<1ic and po1cn11.i energy dumges, (S) 
~cghg1hlt' 1ube w;iJJ themul n:t.ll.mncc. 

PROPUfnES: Tab/, A.5, Glycenn 1f. • 300 Ki p = 1259 9 ~glm', <, a 2427 Jlkg K. µ • 79 9 >< 10: 
N s/m ks i86 x 10'' W/m K, Pr= 6780. 

ANALYSIS: fl&> From tu1 ovemll energy balance n.nun11n1 the ma..'Umum tcm~rnlurt' n~ of the 
gl)CMn coollnt J.S 6°C. find the flow r.uc as 

J-+rom Eq K -43, the. length of 1ub1ng cn.n be dctt.rmmed. 

T, -;•• =uP(-rLii/mc,) 
Tl- ... 

wher, P = nD For the tube flow, find 

Re • 411'\ .: 4x6.87xl0·'"~J 1S . •SA? 
0 

~oµ ltX0.020mx79.9xiO''N <(m' 

v. htth 1mp1Jes l1u,unJ.t now. and 1( fully de~c.l~. 

Nun=iio ~366 h=J.66x286><10''W/m K=S2.3W/m' K 
k 0.020m 

(
47

- JO)'C = ex-L(•(0.020m)xS23W/m' Kx L)/(687x10·• Lg/sx2427 J kg K)] 
(47-24t'C "I 

• 

l•l'.3m < 
The number of rurm of lhe 1ubinJ, N, ,,. N;;: U(Jt.0) = ( IS.J m)IJt(0.3 m) • 16..2 and hence Lbe: ~p::icmg S 

"''" be 
S •HIN= 500 mm/16.2 s 308 mm. < 

Continued 



PROBLEM 8.26 (Con1.1 

tb) PIU'l\Jt1e11K cakulalJO:fli we.re pttformcd u?img 1hc lHT Corrtla1io1u Toolp:,d ba)t'd on 6q 8.56 fa 
thermal enlt)' ltnglh condtuonJ, w,d the following ~ullS w~re obuuncd, 

- • 
I t t - .. ~ I 

J ~ l-
I "" " l ' I I 

. 

t 1 , ... ,. .. 
t l , ... t ! " I 

' ~ I ,.,. n ... . .. .,, . " .. , ... . .. ... . ,, ... .,, . .. ........ ~, w..~~"llt'-

Wilh T, mamt111ncd 11:t 47•C. the m211:1mum allow.:i.ble tnuuformer power (hat mte) und g.l)'cenn ou1lct 
rcmpernru~ 1nc-rc:11sc and decttASe, rtSp«li't'cly. wtth mere.a.sang m The 1nc~c 1n q •~ due to M 
mc:rcase 1n Nuo (:tnd hence ii) with 1ncre-a.1ing Rc1,. The value or Nuo mcrea.sed from 5.3 10 9 4 w11h 
1ncrcumg m from 0.0S lo 0.25 kg/s 

COMMENTS: Since G,~ =(UD)/Ro0 Pr • (15.3 mJ0.02 mJ/(S.47 ><6780) s O 0206 < 0.05, cnlnmee 
Ieng.th effcct1 a~ s-1gnjficant.. And Eq 8.56 should be u,;ed lo dcscmnnc Nuo 



PROBLEM 0.1 

KNOWN: TabulatNI values or de.na-lt.y for wawr a.nd de6nilioo or the volume!Lric 
thermal exp:uisloa coellklen1. 13. 

FIND: VaJue or lhe volumetric expansion coefficient. a~ 300K; compare. with tabulated 
values. 

PROPERTIES: Ta61< A-6, \Vater {300K): p-l/•r=1/1.003xl0-3 m3 /lcg=007.0 
kg/m

3
, ,8-278.lxlO➔ K-1

; \20SK): p= 1/•r • t/l.002xl0-3 m3 /kg =008.0 kg/m'; 
(305K): p-l/•r • l/l.OOSx10- m3 ,llc,-oos.Okg/m3 • 

ANALYSIS: The voh,melric expansion coelfieien~ is do611ed by Eq. 0.1 .. 

.8--; (:) .. 
The density change with tempernt.u.re o.t constant pr'8Sur11 can be estimated u 

(.EL),,::, ( P1-P,_ ), 
oT T 1-T, 

where the sub,cripta (t,2) deuole 1he propt,rly values just above and below, ""'pec1ivoly, 
the condition for T - 300K deno1ed by the subscript (o). ThaL ls, 

fJ. ~ I ( P, -P, ) o-- p• 
Po T 1-T2 

Substituting numcrkal values, find 

8 ,,., -1 (oos.0-908.0) kg/m• = aoo.oxio-• K-' 
0 

007 .0 kg/m3 {305-205)K <J 
Compare this va.lue with the labulaled oae, f3 • 278. Ix JO-• K-1 , t.o find our estimate is 

8.7% high. <J 

COMMENTS: (1) The poor agre•mon~ between our esUnule and the ,abulat•d value 
LI du~ to the poor pre-cisioo with which the densiLy cha.age with lempe.r:t.Lure is 
esL.imau,d. The L&bulat.cd values or /J were. det.ermined Crom very accurale equ:ition or 
nale dala. 

(2) Nole tba• /3 ls negalive ror T < 275K. Wby does lbil occur! Wbat is lb• 
implk.ation or this to frt!i! co.ovection? 



PROBLEM 9.2 

KNOWN, Obj0<:t wilh speclfiod cha.ractcristlc lenglb aod lcmperature dilTcrcoce 
obove ambie.ot lluid. 

FIND: Gruhof number for air, bydroccn, wa.te.r, ethylene glycol tor a preuure of 1 
a.Lm.. 

SCHEMATIC: 

Quiescent flu,d 
T,,,, J,rtm 

ASSUMPTIONS: ( 1) Tbermopbysical propertieo c••lualed aL Tr - 350K, (2) For 
gaacs, fJ = 1/rr• 

PROPERTIES, Evaluate al 1 at.m, Tr - 3501(; 
Tab/, A-,, Air: 11-20.92><10-• m' /•; Hydrogen: 11- 1◄3xl0-• m• /• 
Tablt A·6, Water (Sat. liquid): v-/Jf vr -37.Sxlo-• m1 /s, 9t -0.624x!0-3 K-1 

Tab/, A-5, Ethylene glycol: v-3.17x l0-• m' /•, P-0.6Sxl0-3 K-1 . 

ANAL YSIS1 The GrMhor number is given by Eq. 9.12, 

C gtl{T,-T.,.)L3 

ri.- ,J • 

Sub$litutin& numerical vo]u .. ror the Ould air wi<b P - 1/rr, find 

Gr _ 9.8m/s' x (1 /3SOK) (2SK) {0.25m)3 

L,Mr (20.92><10-• m' /•)' 

CrL,w - 2.50xl07 
• 

Performing similar c:ilc.ulatiou for lhe ot.be.r Ouid,1 find 

Cri.,,,• = 5.3SxtO' 

Gr1.,w..., - l.70xl01 

O'l.,..i. - 2.48x101 • 

<J 

<J 

<J 

<J 

COMMENTS, Higher values or GrL Imply lnercucd rrce conv0<:tion ftowa. However, 
other properlles aff0<:t lhe value or Lbe beat tronsrer cocfficicnlS. Not.e tltal for the 
g8SC8, P- 1/rr. assuming pcrrect ga.a behavior. 



PROBLEM 9.3 

KNOWN, Rel>Lion ror tho Rayleigh number, • dimensionless parameter uS<!d In [re,, 
convect.ion 3.tJ.a.lyais. 

FIND, Rayleigh number for (our ftuids for prescribed con.CUlions. 

SCHEMATIC, 

Quiescent 
flu,d, T., 

.. T.::so•c 
L•O.Olm 

ASSUMPTIONS: (I) Perr.ct , .. behavior tor •pL-ciOed gases. 

PROPERTIES, Table A-i, Air (~OOK, I alm): t =26.4lx10_, m1/1, n-38.3,.10-• 
m'/•, ;l= l(f l/100K =2.50:. 10- 1 K 1; Tab/, 11-4, llelium (400K, I aim): ,,=199xt0-• 
m1

/s, <>=295>ct04 m'/•, ,1-lff-~.50AIO-• K-1, Table A·S, Glycerin (12•C=285K), 
v=28.30x10-• m''/•, • 0.0&-1x 10-1 m'/•, 1•0.◄7Sxlo-:1 K-t; Table Jl .. 6, \Vat.er 
(37"C-310K, sat. liq.): 1••1•,•r-695.,10-• ~·1/m' <1.007><10-• m'/kg-0.700x l0-1 m7/a, 
o • kr v,/c._r =0.528 W/m·Ki<I 007· .10 • m• /k1/4J.78J/ltg-Ka 0.15hcl0 1 m2/s, J1=361.9x 
10-• K- 1• 

ANAL YSlS: The Raylcigh number, A dlmcnsioulcss parameter used in rre:e eonvect.ioo 
analysis, is defined as the producl or lhe CrRSbor and Prandll numbers 

g.l.lTL' I«, _ sJ.lTL' (vp)c, = 1i!J.T1.' 
,,1 l J} k '°"' 

wbcr-,; a =k/p~ 11.nd ,~=ri/p. The numt-ric.n.l vl'l.1ues for the rour 8uids follows: 

A,r ( 400K, I atm) 

RA(. t..Sm/r (1/400K) 30K(O.Olm,1/211.41');10-t m'/• X 38.S...,; JO .., m=/• • 727 

He/,um ( 400K, I nL,n) 

R.&(. • 9.8 m/1· f l/-100~) lOK(0,01 m)'/JOlhdO • 101 /• X 29:SX 10➔ m; /. • l2..S 

G/ycerm (285K) 

<l 

<l 

~ - t.lm/•· (D.,47$...:JO K J 30K(0.01aa) /2830xt0_. rn~/, x 0,904)(10-1 m:/, • 512 <] 
Woler (310K) 

COJ\1M.ENTS: (1) :--oi.. lho wide v:.ri•llon ln t.bo Ro valuos for Lbe rour fluids. A 
large value or Ra impllcs n.n increased !rtt convect.ion process, however, other properties 
aJJ't".c:t. I.he value or t.be h<!.AL trnn~rrr c:ocffic.ient.. 



PROBLEM9.4 

KNOWN: Heat a,,nsfer nue by convection from• vcnical sur<ace. Im high by O 6m wide. 10 
quiescent air that is 20K cooler. 

FIND: Ratio of the heat transfer rate for the above case to the rate corresponding 10 • vc:nical 
surface that is 0.6m high by Im wide with quiescent air thn1 is 20K warmer. 

SCH EMATIC: 

ASSUl\tPTIONS: (I) ThCIIDOphyncal pmpenies independent of tempenuure; evaluate nt 
3001{; (2) Negligible radlotion exchnnge with surroundings, (3) Quie$Cen1 ambient OJr 

PROPERTIES: Table 114, Air (300K, 1 aun): v= 15.89'<1o-6 m2/s, aa22.5xlo-" m'ts. 

ANALYSIS: The rate equncion for convection between the plates and quiescent air is 

q•hLA,AT (I) 

where AT is either (T,-T . ) or (T.-T,); for both cases. A,= Lw. The desired heat ll'llnsfer ratio is 
then 

q, iiu 
-•- DI 
Ill iiu 

To determlne the dependence of iiL on gcomcay. first calculate the Rayleigh number. 

R11i.•allATL3/Ya (3) 

and substituting property values at 300K find, 

Ca.re I. R•u =9.8 mt,2 (1/300K)20K (I m)1/15.89><1cr' m2/sx22.5xlo-" m'ts = I .82xi09 

Cau 2: Rau = RIL1(L,/L1 )' = 1.82xl0"' (06m/l.Om)3 • 3.94xlo'. 

Hence. Case I is turbulcn1 and Cnse 2 is laminar. Using the com:lntion of Eq. 9.24, 

(4) 

where for Ca.re I· C1 = 0.10. n1 = 1/3 and for Case Z: C1 • 0.59. n, = 1,4, Sub$tituung &j. (4) 
into the ratio of Eq. (2) with numerical values, find 

~ = CC1/L1 )Ra,'.\ = (O. IO/lm)(l.82xlo'J1" • O.SS I <J 
'b (C,/L,)R!~ (0.59,(),6m)(3.94xlo')1" 

COMMENTS: Is this result 10 be expected? How do yoo exploin this effect of pince 
oricn1i1tion on the hcut ruccs7 



PROBLEM 9.S 

KNOWN: Lltge vcnlcal plAtc with uruf'onn surface tcmpcnuun, or l:lO"C •uspcndcd ,n 
quiescent air DI 25°C and a1mospheric: ptcS:$u:n:. 

FlND: (•J BoundJUy layer thickm:ss at 0.25m Cmm lower edge, (b) Mwmum velocity in 
boundary layer at this location and position of maximum. (<) Hcot tn1nsrc, cocf6cicn1 a1 tJus 
loco don, (d) Location where boundnry layer become., rurbulcnL 

SCUEMAT IC: 
r_.13o•c ,. 

6
{x.y) Qu.~3C.tnt air o.ZJS Pr,0.7Z c------,, ., r., • .zsc 

KU -., 0 1 s 7 

ASSUMPTIONS: (I) lsolhcrrruli. vcrdc31 ,urfacc in an extensive. qui=cm medium, (2) 
Boundnry layer nssumpdons valid. 

PROPERTIES: Tobie A-4. Air Cfr=CT,+T.)12•350K, I atm): v=20.92>cl<r' m'ts. k=0.030 
W/m•K. Pre0.700, 

ANAL YSfS: (a) From lhe similanty soiuoon resullS, Fig. 9.4 (see above rigb1J. lhc boundary 
layer thickness corresponds 10 • value 1\ =5. From Eqs. 9.13 and 9.12, 

y = 1\X(Gr,/4)""' ( I) 

Gr, • sll(r,•T . ),.>,.,, =9.8 -;}>< 3S~K (130-25)K •'/(20.92>cl<r' m2/5)' =6.7111,clo' ,.> (2) 

y=5(0.25m)(6.718xlo'(0.25)'/4)_.,. • I 746"10-'m = 17.5mm (3) <l 

Cb) From the similarity solution shown above, the maximum ,•clocity occurs a1 Tl• 1 with 
rcrtl •0.21s. From Eq. 9.15. find 

u - ~ Gr!,, r(!\) • 2 • Z0.9'2xlo-" m'ts (6.718xl09(0.25l'l'" x 0.275 • 0.47 m/1, <J 
X 0.25m 

The mMimum velocity o«urs at a value ofri • 1: using Eq, (3). it foJI~ d:uu this corresponds 
lO a position in the boundary layer given as 

y_ • 1/5 (17.5mm)e Umm. 

(e) From Eq. 9.19, the local heoa trnnsfcr coefficient II x • 0.2Sm i• 

Nu,= II.xii<= (Gr,/4)114 g(Pr) a (6.718xlcf(0.2.Sl'l-ll"" o.586 =◄ 1,9 

11, =Nu. kh. =41.9 •0.030W/m•K(0.25m • 5.0W/m1•K. 

The value for g(Pr) Is dc1crm1ncd from .Eq, 9.20 w1lh Pr=0.700. 

(d) According 10 Eq, 9.23, ahc boundary layer becomes 1urbulcn1 at x. given as 

x. = 1109 /6.718•109(0.700)111
' = 0.60m 

COMll-fENTS: Note that P • 1/rr, • suilllblc opproxun:ttion for air. 

<] 

<] 

<] 



PROBLEM9.6 

KNOWN, Thia, vertical plaie. or length 0.15m at 54 • C beiog cooled in n water bath 
al 20. C. 

FIND: Mlnimum spacing between plates such lhat. no ioLe.rference wiU c>c.cur between 
rree--convcction boundary hiyers. 

SCHEMATIC, 

l ll'Alllll 
l•0.151 ;if\~• 

l<-d -+I 

Quiesc~n+ water, 
1;,.2o·c 

ASSUMPT IONS: (a) Wat.er in bath is quiescent, (b) Plates are at uniform 
te.mpcraLure. 

PROP ERTIES: Tab/, A-6, \Vai.er \Tr =(T,+T.,.)f.! •(54+20) • Cf.!-3tOK): 
P• 1/v, • G03.05 kg/m3 , µ=605x10-• N·a/m , v•1•/p•6.008xto-7 m' /•, Pr •◄.62, 
.8=361.0xto-• K-1• 

ANALYSIS: The minimum separation distance will be twice the thkkoess or the 
boundary I.ayer at Lhe t.railiog edge where x-0.15m. Anuming laminar, free co.nvttUoo 
bouodary layer condllioas, lhc similarity parameter, 'I, given by Eq. 0.13, ii 

'I• L (Cr,/4)11' 
X 

where y is measured norDllll to the plate 
(sec Fig. 0.3). According i.o Fig. 0.◄, lbe 
boundary layer thic.kness occors at. a 
value '1"'5. It follows then that, 

y.,, • 'Ix (Cr,/◄J-•I◄ 

g,8(T,-T.,Jx• 
where Gra = i.) 

..,,,s 
... 

Cr, -0.8 m/•' x 361 .Gx!O .... K-1 (5◄-20)K x (O.ISm)' /(6.0GSx 10-• m' /•)' -8.31Dx 101. 

Hence, 
y.,, - 5 x 0.15m(8.310xlol /◄t''' = 6.247x10-•m • 6.3mm 

and t.be minimum separation is 

d • 2 Y'bt .... 2 )( 6.3 mm - 12.B mm. <] 

C OMMENT S: According LO Eq. 9.23, tho critical Crasbof numbor for tho 0011et or 
turbulCJ1t. coodilions in the boundary layer 11, Crx,e Pr;::::. 109 . For the condilioos abov~ 
Cr, P r - 8.3Jxl01 X 4.62 • 3.8xl01 We conclude tb&t tho boundary layer is indttd 
iurbulenl. d x - 0.15m and our calculation ia ooJy an eslimalc which is llkely to be low. 
Therofore, the plate separation should be grea.ter Lban 12.8mm. 



PROBLEM 9.7 

KNOWN: Square aluminum pln1e III IS"C SUlpcnded in quiescent ll1f at 40'C 

FINO: Average heac tnmsfer coefficient by two methods - using results of sim,l:mty 10 the 
boundary bye, equations Md results from •• empirical corrclatlo1L 

SCHEMATIC: 

Quiescent dir 
Ta.• +<tC 

i'-1--r.,,s"C 

Plate, 200mm "'quer•, 
5 mm thickness 

ASSUMYTIONS: (I) Uniform plate surface temperature, (2) Quiescent room llir. (J) Surface 
mdilldon exchange with surroundings negligible, (4) ~rfcct gas behavior for rur, II= 11r1. 

PROPE.RTIES: Toole A-4. Air <Tt=<T,+T.)ll=C•OH5)'C/2•300K, I atm): v=l5.89xl~ 
m1/s, k=0.0263 W/m•K. <>•22.Sxlcr m2/•, Pr=0.707. 

ANALYSIS: Calculate the Rllyle1gh number 10 determine the boundary layer Oow CQnd1tions, 

R•L=Sll4TL3/Vc 

R"'-•9.8 rn/s2 ( I/JOOKl(40-15)'C(0.2mY/ll5.89xlo-' m1ts) (22.sxlo-' m2/s)= 1 8Z7xl07 

where P• 1/rr and 4T=T.-T,. Since R•L < 10•. the flow is laminar and the similarity solurio• 
of Section 9.4 is applicable. From Eqs. 9.21 and 9.20. 

- hLL 4 
NuL = k • 3 (G,;J4)1" a(Pr) 

o.1sPr'12 
&(PJ) • (0.609 + 1.221 Pr'" + 1.238 PrJ1" 

and subStituting numerical \/alucs with GrL = Raa)Pr, find 

g(Pr)= 0.75(0.707)112/l0.609+ 1.221(0.707)112 + l,238 •0.7071"' =0.501 

"' ii a ( 002.63 W/m•K ) ~ ( l.827•10
7
/0.707 ) YO.SOI =4.42 Wtm' K 

L 0.20m • 3 4 
<] 

The appropriate empirical corrclation for estimating ii, is given by Eq. 9.27, 

hL L 0.670 Ra/!' 
NuL • T•0.68+ 11 + (0.492/Pr)'"•~ 

hL = (0.CYZ63 W{m·K/0.20m) 10.68 + 0.670(1.827><107)1" /[I + (0.492/0.707J9116 j''19J 

hL = 4.42 W/m2•K <] 

CO~fENTS: The agn:cmcnt of iiL calcu!Ated by these two methods is exccllcnL U;ing the 
Cbutehill-Oiu corrclatlon. Eq. 9.26. find iiL •4.87 W/m1•K. This ,elation is not the most 
accunuc for the laminar regime. but is suitable for both lrurtlnar and IIJJ1>ulent iegioM. As the 
plate heats up, the overage coefficient will dccr=. 



PROBLEM9.8 

KNOWN: Dimensions of vcnical rcctongular fins. Tcmpen111,1re of fin.s nnd qwcsecnt air. 

FIND: (a) Optimum fin spa<:ing. (b) Rate of heat D11JlSfcr from an llfflly of fins ax the opallllll 
spacing. 

SCHEMATIC: 

L•i!fJmm 

Top view 1 
ASSUMPTIONS: (I) Fins arc isolhcnt1J1l (2) Radiation effects :ue ocgligiblc. (3) Air is 
QUiCSCC.DL 

PROPERTIES: Table A-4, Air <Tr=32SK. I :um): V= 18.4 lxlo-' m2/s. k =0.0282 W/m·K. 
Pr=0.703. 

ANAL YSJS: (n) If fins arc 100 close. boundary layers oo adjoining surfoce, will coalesce and 
heat trnnsf.,.will decrease. If fins are 100 fur ap:,n. the surface 111ea bocornes 100 mmll and heat 
transfer dccruscs. S09 = 6..H• From Fig. 9,4. lhc edge of boundaxy l•ycr =ponds 10 

Tl= (li/11) (GrH/4)1/J = S. 
Hence. 

gll(T,-T.JH3 9.8m/s2(1/32SK) SOK(0.1Sm)3 
Gr» = --:;---= 

v2 (18.4 lxl0-6 m2/s)2 

6(!-1) =S(O. ISm)I( t.SMI01 /4)11' =0.0l7m = 17mm 

(b) The number of fins N can be found as 

N = W/CSop+t) = 355/35.S = 10 

nnd 1he hen1 rate is 

q=2Nh(H LJ (T,-T.). 

For lnminar flow condition.s 

NuH = 0.68 + 0.67 Ra/!'/11 + (0,4921Pr)9116 f""' 
Nu"= 0,68 + 0.67(15xl01 x0.703)1141( I + (0.492/0.703J'116f'" = JO 

h = k NuHl'H = 0.0282 W/m· K130)/0. l 5 m = S.6 W/m1·K 

q = 2(10)S.6 W/m2·K (0.15m x 0.02m) (350-300)K = 16.8 W. 

<J 

<J 

COM/11£1'.,..fS: P-.in (a) result is• COllSCJVative CSUDl31c oflhe op1Jmum spacing, The increase 
in area resulting from o funher reduction in S would more !hon compcns01e for the effect of 
fluid entraplllClll due 10 boundory layer merger. From • more rigorous 1re:nmen1 tscc Secoon 
9. 7.1). s.,.:c IO mm is ob14iocd for the preS<.nb<d conditions. 



PROBLEM9.9 

KNOWN: Interior air •nd wall tempcratlll'CS: wall height is 2.Sm. 

FIND: (a) Average heat tnulSfcr cocrtklent when T-=20"C and T, = IO"C. (b) Average heat 
mmsfcr cocfficiem when T _ = 27°C nnd T, = 37"C. 

SCHE~1ATIC: 

. Air T.,JO"Cffl W~/1 he,gJ,t, 
T. _ •c L-2.Sm .,.20 

@ W,nter cond,+,on 

ASSUMPTIONS: (a) Wall is at • unlfonn temperature. (b) Room air is quiescent. 

PROPERTIES: Table A-4, Air (T,:298K. I atm): p: 1/Tr= 3.472xt0-3 K 1• v= 14.82xtr 
m1/s, k=0.0253 W/m·K, a=20.9xtr m1/s, Pr=0.710; <Tr=305K. l atm): 
P= 1/Tr=3.279xt0-3 K"1• v= 16.39xl0➔ m2/s. k=0.0267 W/m·K. a=23.2x 10-• m?/s, 
Pr=0.706. • 

ANALYSIS: The appropriau, eom,lation ror the •vcr•gc heat transfer cocflicicnt ror free 
convection on• venical wall is Eq. 9.26 

- hL f 0.387 Rat 1667 
}

2 

NuL = T = l0.825 + (I+ (0.492/Pr)0.56310.296 

where Rl>L = g Pi!.TL3/Va. Eq. 9.25, with AT= T,-T _ orT_-T, . 

(a) Substituting numerical values typical or winier corulitions gives 

RaL = 9.8 m!s2 x 3.472xl0-3 IC"1 (20--IO)K (2.5 m)1 = l.?I J,toto 
14.82xlO"" m1/s x 20.96•10➔ 11i1/s 

Nu = {o.825 + 0.387(1.711xl0tolo 166' }2 =299.6. 
L I I + (0.49:2Al.710)0..SUl°m 

ii• NuL k/L • 299.6(0.0253 W/m K)/2.Sm a 3.03 W/m2·K. 

(bl Sub,1ituting numerical values rypical of summer conditions IJIVC> 

Rat,, 9.8m/s2 x3.279xJ0-31{"
1(37-27) K (2.5m)3 = 1.320.LO'o 

23.2xl0-- m2/s x 16.39xl0_,. m2/s 

Nu = {0.825 + 0.387(1.320xl0t0)°1661 }2 = 275.8. 
L II +(049~.706)0..S6Jlo.m 

ii= Nut k/1.. = 275.8 x0.0267 W/m·K/2.Sm = 2.94 W/m2·K. 

<l 

<l 

COMMENTS: There Is a small inHucncc due 10 Tr or. ii for these condiuons. We should 
expect rn.diacion eITccu to be imponont with such low values or ii. 



PROBLEI\>19.10 

KNOWN: Verncal pltuc experiencing free convecuon wu.b quiescent Dir :u o.tmosphcric 
pressure IIJld film tempcm,ure 400 K. 

FIND: Fonn of cOJKlotion for overage hCJ11 rn,nsfcr coc:ffidcnt in tenns or 6T nnd 
chorncteris<ic length. 

SCHEMATIC: 

ASSUM]>TJONS: (I) Air is •"-tensive, quiescent medium, (2) Perfect gos bchnvior. 

PROPERTIES: Table A6, Air (T1 • -IOO K, I nttn): v = 26.4 lxt (T'6 m1t,. k = 0.0338 W/m·K, 
a= 38.3xlo-6 m2/s. 

ANALYSIS: Consider the correlation having the fonn of l!q. 9.24 wuh RnL defined by l!q. 
9.2.5. 

( I ) 

where 

RJi1. = gll(T, - T_)L' - 9.8mls'(l/,IOOK)4T·L' = Z.422xlO'<lT•L' 
va Z6.41xlo-6 m'/sl<l8.l><lo-6 m1/s 

(2) 

Combtmng Eqs. (I) and (2), 

hL = (k/L)CRa" = 0.033s W/ni·K C(2.422xl07 6TL1)• 
L L (3) 

From Rg. 9.6, no1e that for laminar boundary loy,,r conditions, 10' < RllJ. < 10~, C • 0.59 nnd n 
= 1/4. Usmg Eq. (3). 

<J 

Fonurt>ulent conditions In the range 109 < Rat < l011, C = 0.10 nnd n a 1/3. U,ing Eq. (3), 

<J 

COMME1'(J'S: Note cnrcfully the dependence of 6T and L on the avcrnge heat ll'llMfcr 
cocfficicm for Jam.mar and turbulent condition~. h i!t imporumt to nolC thtu the c.hamcccrism: 
length L docs not inOuenec ht for 1urt>ulent condmons. 



PROBLEM 9.11 

KN'O\\'N': T~mpcrJ1urc ckpcndencc of free cUR\'«:uon coct11"°1cn1. ii= QT~". Cot i-1 i.obd ,-udJcnl~ 
.. ubmcl'JW 1n a qu1e,c:em Ou1d 

FIND: fal E,pre,\lon for coolma time. t1. ib) Cons1denng a pllue ol prcscnbed gcomc.Ln· JnJ 1.hcnwJ 
,ondmcm~. lhc mne requ,rtd 10 inch ts0°C us1n11 th.r 1ppropn.i.tt eorrtlauon rrom Problem 9 10 and le) 
Pini 1he 1c~nuul'!:~t1mc ha:scor} ob1.111ncd from p.lt1 (b) llnd comp.lJ'C w1tb re1ulu u.s:1ng I L'<Jn. .. wn1 ii 
lrcm .1n 11ppropnJlC correl1.Ul0n b:a.~cd upon Dn mocmgc !iUmlcc tcmpcnuurc T-=-rr. + -r; )/2 

SCHEMATIC. 

...Qulesceni) 
t'IJid. T,; 

Al207i-

150. ''°""' .,.,,,_ 
rtOl•225oC 

.\.SSUMl'TIONS: l l) Lumped c11p:ac1tante approx1m1uon ,~ ,-ahd. t2) Nc1tJ1g1ble n1d1;1uon. (3) 
tonn11n1 propcnu:.s. 

PROPERTIES: Tub/,,1 /, Alum,num alloy 2024 ('f: (T, + T,)/2 •.«XJK) p = 2770 kBfm' ••aq25 

Jlkg K. L: 186 W/m K: Tubl,A •• Air( 'f,.,• 162 Kl v • 2.lll x 10·> m'I,. k = 0 03069 W/m K. CJ= 

J.187 x ur' m'I<. Pr= o 6976. ~ = 11t, .. 

ANAJ. YSIS: 1•l Apply an cnc'I)' balnncc to• control wruicc Jbout tlic objccc, -E.. = E., ,nd - ....,, 
subst1une lht COl)'ifCllOft nllC equation."° 1th h • c.i. , to find 

-CA,(T-T_)" = d/dc(pVcT) . II I 

Scp:nnung \·.tflabt« .ind intcgnuin1. find 

( '" dT/dc = -(CA,/pVc) T-T_) 

Jr, dT -{ CA )J.'• 
t, (T-T_f' a ~ it dt 

t ••pV,[{1: -T )·"'-(T-T )-"'j: 4pVc [(T,-T_)''' -1], 
' CA 1 - ' • CA(T-T)''' 1'.-T 121 < 

' j - ' -

tb> Cons1denng the aluminum pl.ttc. m1t111II~ 1u T(Ol = ~!Ve. 4:0d $1,1ddenly e~po~ lO .-unh1en1 a.ir 
,uT .... -::- 25°C. from Problem 9 10 lhc con-..~ctaon coc.ffidcnt h.n, the fonn 

Al)'" ii -1,iqi:" 

"'here<.:= IJOIL1"= l.40/(0.1501''=?.2496W/m' K'' U>ingEq.12),find 

Conunu~ 



PROBl.EM 9.11 CConLl 

Jxl770le/m'(Ol50' •OOOS}m •92SJ k; K [(''5-11)'" ] 
I • • --- - I •11~,h 1 

2 ?496\\'1 m: K • ;,c:!x{O lSOmf(~S-2S)"''K1'-' 80-lS 

1~• ft"r the ,cru,at plntc. £i.t. 9 27 L"i on uppropn;ue corrd:n10.n. f.\•alu.aun, rropcmc5, 111 

f,._ =(T ~ T. )/2 •((T, + T,). 2- r. }/2 = 162 K 

R• =gP(T,-T.)L' = 9~111!• (11362K)(Jl6-29S)K(0150m)' =l6SlxlO' 
L -.·ci 2.?2tx1o·'m:Jsx3.187x10--.,n:;s 

I t.'-' 
- 0670R, ,., 0670(1652>< 10 } 
Nula0.68+ ' L .... .=.OM!+[ r, .. = 134 

[1+(0.492 Pr)"'] 1+(0.492.·06976)'"· 

- l ;;;- _ 0.01069\Y/111 K JlJ _6.BJ"'/ K h e-,,Ut ·- X •' - w m 
' L 0150m 

from Eq. ,.6, 1he tcmpc:nuurc-ume ht'ilOI)' w11h 3 con)IO.nt convec:uon coc.ffk1cnt 11 

T[l) •T +(T, -T )oxr[-(ii.A.{pVc),] 

"'1 J I 1 •.; ~-here -\,/V .= :!L: -'(L xl x .,.,)• 2, w = -100m 1'bc: le.mpC"nuure-umc hmorir-) for 1hc b a QT' .11kl 
h 11rutlp,e, .i~ s-ho\lm m plot bclO\\-

"° ~-------------~ 

t 

.. 1--------_;._.;_ __ ....J 

e .:tio ~,JC> 100 ICIO •000 t:XO tAOII !MIO 

r-1,1.1 

- c.r.i.,,...,., h. ,a,w..,.it 
- VMaia ..-..,._ h • J~• T""""°J!; 

CO:\l~tE\'TS: 1 I ) The cones 10 rcJ&:.h T((,,) = 8<.rC \\-er't- I IS-4 and 121:h for che \·.:mJbl~ and i:on..,1..am 
"o.:tr1Clcn1 illl-ll)',b. respce:11\'t.ly. 11 dtfftffnc:c of S'l For cc11h'cmcnce. 11 1, ,c-450.o.able to c,·aluJJc the 
,on,·«uon ,or.ffi,,cni ~ dcscnbcJ. mp.an jb) 

, 2) !'-lo1e 1h;,1 R.l;. < 10' 10 mdecd the ~,prcn,on selected from Prllblc:m \J 10 w~ 1hc 3pptopnah: ooe 

( ,1 Re.,;d~mie th.11 t1 chc c.rn1(-.1vi1y pf the pl..uc were unny, 1hc a\cra~c lm-c:iu1ud rad1:111on 1;:od1i~1cm 

U\1ng Eq t 191 ,,. h,.., • I IJJW/m K .ind nad1J1n,c exchangt: become, .i.n 1mport.m1 proce,, 



PROBLE~f0.12 

KJ .. ~OWN, Ovt!n dour with Avera.(e aur(.\ce t.-c.mpera.turt" o( 32 • C in a. room wilb 
ambi.l!nt tur llL 22 • C. 

FIND: Heal loa 10 tho room. .\lso, llad elfecl on he•! loss if eml,osivity or door is 
unity and lhc surroundings a.re: a.L 22 • C. 

SCllE:\.lA Tl C: 

A,r 
T.,,zz.•c 

ASSUMPTIONS: ( I) AmbienL oir l• qui .. cenl, [2) Surface radl&tion effects .,.. 
n•gligihlo. 

PROPERTIES: Tab/, ,1•4, Air (T1 -JOOK, l aim): • • 15.89xl0-t m' /•, k =0.0263 
W/m·K, "=22.S. 10 • m' /•. Pr ~0.707, •I/Tr- 3.33xto-1 K-1. 

ANAL YSlS: l"he hf'n.t riltt, from the O\'en door sur(a~e by convection to the :i.mbieot 
air is 

(1) 

whc:re h ca.n be. est.imat..-d rrom Lhe rr«---toovccLion corrclat.ioo for a verliclll pin.le, Eq. 
0.28, 

- h L J . 0.387 RaL'' l' 
Nu,= T - ,o.8"-1 - I• + (0. 192/Pr)'i"J' I" 

The lll\yleiJh numb,r, Eq. 0.2;, b 

1/l(T,• T~JI•' • OKm/•'(1/:!00K)(32-22)K:,0,51 m1 

J!j.MlxlO 1sn:/,~2'2.5.IICUJ-•m2/• 

Sub,tituling oumerical values lnto Eq. ( t), find 

Nu ={0.825 + 0.397(1.142,to')"' }' =63.6 
L (1 + (0,492{0.701)1/lljtln 

h,. • !. Nu1 = 0.0263 W /m·K x 63.S =- 3,3◄ \V /m'•K & 

L • o.sin 
The beat r•L• using Eq, ( I J is 

q = 3.31 W /m'·K x (0.5 x 0.7}m'{32 22) K - I 1.7 W. 

H<"a\ loss by radi11lion1 n.ssuming t • 1. is 

q,.-' =- , ,\, ctT:-T:., J 

(2) 

= 1,142 lo' . 

<I 

q,., • 1(0.5 11.7) m' 5.67~ 10 ·1 W /m1·K' ((273T32)' - (273+22/'I K' = 21.◄ W <J 
Nole tha.L heat loss by radiation is nearly double tha.L by rrtt convoctiol'.I. 

COJvL\iENTS: ( I) Not• tho ehatnelerl1Lic lencth in the Rayleigh number Lt uio height 
or lite vertkal plote (door). 



PROBLEM 9.IJ 

h ,o\\ S: Alununum p1,ue tilllo> 2024l ,U an in111at umfonn tcmpcnuurc ot 211~c 1\ ,u.,pc:ndcd ,n 1 

ra.,m "'httt 1hc 1,unbi.cnt 1.ur .i.nJ .. urroundm~-. JTC .u 27''C, 

n"O: t.11 E.tpre~s•on for ume ra1e ot i.:~!!-t: of the pl.lit'. rbl Jmt1.il ra1e or coohng, Kl,) "'-hell pl111t 
tc.m:pcr.uurc 1, 127rC. h.:I V111id1t) ofi~ummg II uniform pl.att 1empcrntu~. uh 0«11y t>f plill~ 

~cmpcr.uu~ anJ the cf!nvecoon and r.idiauon r,llb tlunng cQOldown 

SCHEMATIC: 

Plate, 0.3 XO 3 m, - • 
15 mm thlcl<. 
Alurmnum 2024, 
plate area, A,. 
t • 0.25 

-11-1 • 0.015 m 
,\SSllMPTIONS: c I) Plate: tcmpcruture b uniform. t2) Ambient 111r ll qult'.SC:cnt .:ind i:~tc-n.,.1\c.131 
Surrounchng> iUt" l;i~ comp:trcd to plate_ 

PROPERTIES: fol,/, A I. \lum,num •lloy !02< IT• SO() Kl pa 2770 kglm ', l = 1111> W/m K. < • 
QK I Jll.g K. Tub/, 14 A,r,T1 • <Ill) K. I ,imj· \' • 26.41 x 10 .. m'I,, l • 0.0388 W/m K. Ct= 18 1 x 
10• m:J, Pr• 0 690. 

ANAL \'SIS: ta) Fmm ,m ~nr:rgy b.1!..mi:e on lhc pbae wtth free convccuon and rt1d1a11on c.11.ch.;ngc, 
-E ·• • E.,. \\·t obtain 

ii,1A,(T,-T.)-r2Ao{T'-T,'..)•PA,1t!!! or.'!!~ -z[ii,(T,-T_)+ca(T,'-T' )j < 
d1 <l1 pi.c 

"'hen: T .. 1hc plu1e 1crnrcna,un:. 1,-, wumcd m be umfonn at -1m 11mc. 

I bJ To C\·dlu.1.Lc liff/dtt, c,mmuc h1 F1t'\l. fmd lhc! Rl} lc1gh number. 

R _ 0 , )L'/· • ~8m,,'(1.400Kk??7-l7JKx(O.JmJ' _ 08 , 
.tt. -a;.,,,T, -l.. "a .'.!641>cl0 lim~i:\><l83x10-am~-', -IJ xlO 

Eq 917 u1 ,1ppropna1c, 1tutn;tilu11ng numcnc.1.l \alue, finJ 
,,. 

- 0670R•t'° 0670(1.308x IO'} 
~UL -068+ 0 9 •0.681-

4 
• =- 'i~ ~ 

[1-(0492,Pr}''"], [1+(0492 0690!""] • 

ii, =Nu,k/L=15~ <II01'8W,m K/0.Jmab25W/m1 K 

Cnn11nU<tl 



PROBLE)l ~.13 (Con1.1 

dT -2 
-= t X 
d1 ~770k1·m xOOISm•9~JJ,kg·K 

[6.15W/m· K(227 27)K•O.l5(5.67 1o·'w/m K'~soo• 1oo')K']•--OOY'lKJ, < 

11,;-Tbc un1form t~tnperw:urc wumpuon u JUSttfitd 1f the 81oc nu~r cnt~non ,~ '\ilti.srted. With 1 
t V/2.A, l • IA tr..A,) • ttl!l und ii_, -= ii,... + hw1, Bl • h.(t'1)/~ s O I U,mg th-e hnoanud r.td1.111on 

.:l>effo.:1cn1 rd1111on. find 

ii,.. :to{T, + T.kT,' + T,;. )~o :?5(S.67 • to·'w/m K'~500•J00~500' + JOO }K ~ 3.86 w/m K 

Hence. Bi• t6.25 + 3.86} W/m · K(0.015 m/21/186 W/m I\. •4.07 x lff'. Sine:.~ Bi<< 0 I, lhe 
..,_,,umpuan ,~ .irPfOpmte. 

cd• The t.empcr.uurc. history or the pl.tue v.u computed b)' comb,mng the Lumped Cal"'c.'lt~nu ttoJ,I nt 
IHT ""·uh the appropn.uc: C()rrtW1frm1 :ind Prop~rr,tJ Toolpads 

DI ~------------, 

t! . 
I 
f 
• 

.., ,------.,------, 

l ... 
... 
,. 
,. .. 
• 

• t 

t 
• 
-- cw _,.., .. ,..,. ""°""'.,., 
--~ ... -. ... wi 

1)u(' w the .1m.ill ••~ue~ o( bt .tnd li,~.i, the pllu.c: coob, iJo"' I) nnd det, not nr-Kh ,C)"C unul 1 • t.iOOth-= 
:\ ~9h The! con\'Cdlon 11nll mdinlil)n rate.., dec~.M: rnp1dl) w11h mo1.:rczmng 1 (d«ru~m1 n. thereb~ 
Je«lcraung the coohng proceu 

COMf\lf.STS: TI,e redueuon m the eonvei.:tivn nu.e 1,1,,,1h lnt"tt.at.ing t1mr ts due to a rtdui;uon 1n the: 
1henflJI condu"':1,,..1ty of ntr. lb ...,di ~ the \'.tluc.i; uf h._ :md T 



PROBLEM 9.14 

KNOWN: l.ru1tant:Lneous temperat.ure and lime ra.c.e or temperature change or a 
v~rtlcal plate a.., described in Problem 11.l3 wh.iJe cooling tn a room. 

FIND: Average rree ton-v~tioo coefflc.1ent. tor tbc prescribed cooditionai compare with 
standard empiric&! correlation. 

SCHEMATIC, 

l':l--1,•ll7t:, ;f: -00f65K/s 

l'l,te, alummom alloy 20l4
1 

0.:Sm '"luare, e ,O 25 

ASSUMPTIONS: (1) Uniform plate temperature, (2} Quiescent room air, (3) 
Surroundi.ogs large compared to sutroundings. 

PROPER TIES: Tahlt A•l, Aluminum alloy 202◄ (T, -127 • C-◄OOKJ: 
kg/m', <p-925 Jjlcg·K; Tobie A-4, Afr (Tr =(T,+T,,.)/2-JSOK, 
v-20.92xlO-• m• /•, k =0.020 W /m·K, a-29.GxlO-• m• /1, Pr-0.700. 

p-2770 
I aim): 

ANAL Y SIS1 From an •••rgy balaoc:e on lhe plate 
COil.Side.ring Cr-ee c.0J1vection and ra.dlaUon exchange, . . . 

Ei• - Eo,u. -E.., 

-hL (2A,)(T,-T00)-<(2A,)a(T: -T:.,J-pA, lcp ~~ . 

Noting ~ .at the plot. area i,, 2A,. solving ror ii'L, and substiluling nunierical values, 6nd 

ii,=1-p<c, ~~ -2co(T:-T!u)J/2(T, -T~) 

ht• [-2770k&/m ><il.3mx925J/kg•K(-O.IMSSK/•)- 2x0.25x5,87xJO .... W /m'·K'(◄001 -300')K' I 
/2( 127-27)" C • (8.938-2.◄55) W /m'·K 

hL • 6.5 W /m'·K. 

To select- an ap·propriat.e empirical corre.l.a.tion, &rat. c"Ya.luate the Rayleigh number, 

Ra•=&d~TL'/"" 

<l 

RaL •0.8m/•' (1/™'K)( I 27-27)K (0.3m)' /(20,02xl0-• rn• /•)(20.0><10-• m' /•) = l.2txlol , 

Since RaL < 10•, the Dow is laminar and Eq. 9.27 is applicablo, 

iiL L 0.670 RaL'' 
Nui.•-•0.68+~~-~....c,== 

k JI +(0.402/Pr)'1"1''' 

bt. ( o.o3ow /m•K ) (O.U+0.170(1.2hlO')'i' /{I+ (0.◄U2f0.700)'l"['l'} •5.5 W /m'·K . <] 
0.3 tn 

COMMENTS: (I) The correlallon esUmate is 15% lower than the experlmenLal 
result Using Lhe Chur<hiU-Cbu relation, Eq. 0.28, which yields a less iu:curate osllmaLe, 
hL -8.5 \V /m2·K. (2) This transient method, WIC!ul ror obL:unlnc an average free 
c:onvectioo coefflcic.nt. for spaccwi~ i!Othermal objecLa, requires Bi< 0.1. 



PROBLEM 0 .15 

KNOWN: Per~n. approximated All a cylinder, experiencing heat loss in water or air 
aL 10 • C. 

FIND, \Vhelhor heat loss (rom body in waw It 30 tlm .. lhal in air. 

ASSUMPTIONS: (I) Pen;oo coo be approximated aa a vorLicaJ cylioder of diomeLer 
D = 0.3 m and length L - 1.8 m. al 25 • C, (2) Loss is ooly from the lateral surf•••· 

PROPER.TIES: Table A..4, Air (T = (25 + 10)' C/2 = 200 K, I atm): k = 0.0203 
\V/m·K, ,, = 10.01><10-• m'/1, a= 28.◄xlo-• m1/s; Tab/, A..6, Wau,r ,200 K): k = 
0.508 \V/m·K, v = /Nr = l.081xl0 • m'/•, <> = kvr/•p = l.◄3 txl0- m'/1, 31 = 
l74xl0-i K-1• 

ANALYSIS: In both waler (wa) and air (a), the b.eal l<>SS from the lot.era.I surfa<e or 
lhe cylinder approximating lbe body is 

q - h•DLIT, - T~) 

where T • and T"" are Lhe .same ror bot.h situations. He.nee, 

q..,. h .• -. 
4L, ii. 

Ve.rt i,ol c11lindu in air: 

luL • 16ATL1 O.I m/•'X(l/200 K}(2i - IO)K(l.l mJ' 5_128XIO' 
"" - 1t.t1x10◄ m:/ax28.4XIO-c m:/• 

Using Eq. 0.24 with C = 0.1 and n = 1/3, 

CR.aJ'. O. 1(5, 221>< Io• )' /0 17J.t 

Vertical culinder in toalc.r: 

R s.1 m/f"Xl74X10' • K-1(25 - tO}J<(l.8 my _ o.s.oxio'' 
llt. • l.08IXIO_. m:/o<l.OIXIO--: m=/• 

Using £q. 0.21 wi\b C = 0.1 ond n = 1/3, 

-N iiL CR' ,Ot--• ~ k ,. 

Hence, from thUi analysis we find 

q~ 328 W/m"K • 117 
q,. 2,8 W /m"K 

whlc.b c.ompard poorly wilb the cl3im or 30. 



PROBLEM 9.16 

KNOWN, Pon,on, approximated as A vertical cylinder (pl•te), having surface 
Le:mper-a.tu.re of 25 • C, cxpmed lo surroundings at quiescenL ambient coaditiooa at 
20. c. 

FINDt Heat. losa io ambient IUr. Compa.re loss if ambi~nL l5 helium at IS ntm, lhc 
en-vironmeot for deep sea diver. 

SCHEMATIC: Air or l,~i'um
1 

-r.,.zo•c 

ASSUMPTIONS, [I) Person c.o be approxima•ed u ••rlical cylinder (plal.c), (2) 
Heal lossco occur !rom lueral surface only, (3) Tbermophyslcnl properties k, <p and µ 
Independent or pressure for helium aod air, (◄) Surroundings nre large compared to 
person. 

PROPERTIES, To61, AJl, Cloth (300 K): < = 0.75 to 0.00; Tohlt ,1.4, Air (300 K. 
I atm): le = 0.0283 \V /m·K, v = 15.SVx!O_. m' /•, a = 22.5x10-• m• /1, Pr - 0.707; 
Tohle A.4, Helium (300 K, 15 aLm): k = 0.152 W/m·K, ,, ~ 122xl0-6/15 = 
8.13xl0_. m1 /1, aince v = 11/p and v"' p-L o p - 1, o = 180xl0 1 m', •· Pr = 0.680. 

ANALYSIS: The hea.t, loss from t.ha su.rfoce due lo coovrction and radiation is 

q • q.,, + ci,,. • •DL(ii + h,l(T, - T .) - •OLii-(T, - T ,) 

where 1'. • to(T, + T.)(T;' + T .. ~) • ,&.47xio◄ \V/ m··K'{29t -r 293)K(:l:g'i + 2U·)K, • s.u,. 

Since ( varies rrom 0.75 lo 0.00, h, • 4.◄ - 5.3 \V /m1·K. E,timate b from the VNlie:aJ 
pl•lc Churchill-Chu correlation with 

' - hL { O.S87R,{I } 
Nu,• T • O.B2> + [l + (0.<92/Pr)'' ··•m 

Subslltuting numerical values, the following resulta arc oblAioed 

Air (l Alm) Helium (15 atm) <l 
RaL 2.66◄xl09 6.507,-101 

NuL 166.◄ 107.0 
bL (\V /m'·K) 2.4 o.o 
b, (W/m'·K) 4.4-S.3 ◄.◄--6.3 

b (\V/m'·K) 6.8-7.7 13.4-14.3 
q (\V) 57.7-65.3 114-121 

The dfe-ct. of replacing atmospheric nir wilb prCS!urii:~ helium (l6 alm) l, LO increase 
the heat 1011 by nearly 100%. 

COMMENTS: (I) Note lhol r:ullalioo exchange i,, twice thal of coo,·eetion witb air, 
but. only half with h~iu.m. In either aitu.atioo, usinc refteetive clothing would reduce 
the heal los,res significantly. 



Fl~U: Tc-mpcnuure of tlle gl.a!), 11nd rJ1c ofhc.111 lou. 

SCHE,\IATIC: 

.. .. 

J;.J e 20 oC 

W,ndow glass (1 m • 1 m. T. c = 1) 

. 

. 
··-.-L • 1 m 

• • q corw.t-.. ; 
' ' ' ' 

q' rad.I 

i-- q• conv,o 
' ' ' 

r-q•rad,o 
' : '_r ' ' ' ' ·-· .. 

· . 

\.SSU~IP"rlO~S: 1 I) S1t.1d)'•\t:u.c.: ..:ondtuom., t?) Ne~lt@:iblc lcmpcr-.llun: grJd1t.nt.s ln the g_La).I. ~31 
huttr .ind outer ,urf.:i«t. c-11:pm,cd co l.t'ie .. urrnundmi,. 

PROPt.RTU:.S: T.bl, A ~- oJr tT,. ;ind T, ,J: O~uuned Imm the IHT Pro,vmn Tool Pad. 

ANALYSIS: Pe:rforrn1ni an encr8) b;d:ince on the "'mdow p.me, 11 foUO"-~ lh..u E,.;; E, ... '" 

v.here h Jnd ii_ m11~ be: C\'iJJudled ITOm Eq 9.26 

t .. mg the F,nr L,,v. \.1odcl {or M lsu,htn'Jul Plu11r V..al/ .inJ the Cnnelmir>,u :uid PmpnrteJ TooJ P.1d"' 
111 lHT 1he encrg)' boll1UKC cqu:mon w;n fonnulat.cd .tnd ,ciho:I to obtam 

< 
The he.it Dte 1\ 1hc-n q1 = q.., or 

q =L[tc1(T:,. -T')+ii,(T_-TJ]=1748W < 

CO~l~fl-:!\IS: The rad1.tHH isnd c.om·«t.l\'C cunmbuttons 10 heat tr.1nsfor ~t the inner .ind uuccr 
,urlacc.\ illc q,..._, ~ 99 0-I W, q..,.., =- 7S .n, W. q,...., = ~ 54 W. u.nd q, ,, s ~-23 W \\1th corrc-.pondintt 
,on-.:«uon 1-oeffo,::,enu ol ii,• ' IJ5 \\'Im Kand h ,e J 23 \V/m K The M.11 lou cauld be redu~~ 
'l~n1fo:.amh h) 1ru.t.11Hng. .. tloublc. p.10c ~,nt.Jow 



PROllLl.M ~.18 

K:-.OOWN: ltoom ilnd ambient 1m cond111t~m for window gli:a.q. Th1d.nc~5 and lhcrrrol condncU\ u~ of 
Jlb\ 

FIND: Inner 11nd ou1er surface 1tmpem1urc,. anti heat ll"l!l\ 

SCHt.MATIC: 

r.,o _ 
Window glass (1 m • 1 m. kg • 1 4 W/m•K. < • 1) 

'··' q· : l l. l .,,... .. _ q• conv,o \.,;;;;--
001'111,,-... :. "" ) 

. :· q cone/ 
:-, , T e ... 20 oC '; '. -.o 

q• -.4 • .,,... .. l i ;--q• rad,o . '""·' : . . ....... . . 
r • .,, • 20 cc ; ::.r 

lg• 10 mm-f-l 
ASSUMPTIONS: (I) Steady-<11ee condmons. (2) Onc-ch~n"1ona.J conduct10n ln 1hc 51«1.h. 1J} lnner 
11nd outer surt>eti c,JX",Od 10 Ja~c wrroundmgs 

PROPERTIES: Tr,bl, A 4 . .ur CT,J '1nd T, .) Obuuncd from the lHT Prop.-m~~ Tool P~d. 

ANAL \'SIS: Pttf onntng eottg) balllnt.:c.$ 11 the mllt':r nnd ou1e.r surfucc!I, wr ob1111n. re"pecm d) . 

{2) 

u~m,: 1h( F,n:r IA"· Model for 011f,d1mMSIM'1I Co,tdutt1011 ma Plu,1~ \Vall and UII! Co".-l.t.1tfo,11~ ttnd 
PmptmesTQOI Pach oi n-rr, the CS\CrJ)' \!Jlllncc cqu1111oni we~ fonnuhncd 11.od ~l•,ed 10 chum 

from v,,hu:h the heat los~ u. 

k L' 
q • .::.C.(1-..-T . ) • 1688\V ,, 

< 

< 

COMMENTS: By attountmg: for the lhcnn.11 rc,hcwicc or the glim. the he-.u Jo,., 1, \m.tltcr I lC>S $ w, 
th.An th~1 dc1cmuncd In the preccdmg prob1cm ( 17.J 8 W) by nnummg An isothermal p,mc 



PROBLEM 9.19 

KNOWN: Air tcmpcr111urc nnd w•ll tcmpenuurc ond he,gtu for• room. \Vatcr tcmpcrururc 
:rnd wall tcmpcruurc for a simUliltion cxperimcnL 

FIND: Required iest cell heigh, for similarity. Ratio or •v=gc convccdon coefficicnis for lhe 
tWOeW:S. 

SCHEt>tA TIC: 

® 
T..•30SK 

T,•Z9SK 

ASSUMPTIONS: (I) Air nnd w•1er are quiescen1. (2) Flow conditions c:om:spond 10 free 
c:onveetio,, boundary layer dcvctopmem on un isolhennal venical plate, O) Con.s,ont propemes. 

PROPERTIES: TabltA.4,AlrCTr •300 K. I •tm): v• 15.!>xllr m1/s, a •22.SxlO-' m2/s, 
ll = I/rt= 3.33xl 0-1 1<"'1• k = 0.0263 W/m· K: Table A6, Water (T1 = 29S K): p = 998 kg,'m3, µ 
•959xllr N~m1,C,, =4181 J/kg·K, JI =227.Sxl0-6 K-1 , k •0.606 W/m·K: hence, v= µ/p• 
9.61xl0-7 m2/s, a• k/pc,, • l.45xl0-7 m2/s. 

ANAL YSlS: Similarity rcqutrC.< 1h01 Ra1., = RaL..., where 

gJl(T, - T _)L1 
Rae= =-''--­

vu 

L. = [ (av),. 11.ir -fl= [ 9,61xl.4Sxl0-1' 3.3Jx10-J ]'!l 
1-.. (o.v), IIH,o J 15.9x22.5xlO"u 0.228xlo-1 

I.,.= 2.S m(0.179) =0.45 m. 

lfRa1., • Ra1..,, It follows th•t f'luL., = Nut..w• Hence, 

<J 

ii, = L. k, = 0.45 0.0263 = 7.Sl•IO-J <J 
ii,. L, k.., 2.5 0.606 

COMMENTS: Similitude allows us 10 obtain valuable 1nfonm11011 for one system by 
pcrfomung experiments for• smaller system nnd • different Huid. 



PROBLEM 9.20 

KNOWN: Thin ... ""illled con1,uner w1Lh ho1 proc;c~ Ou1d 0,1 50'-C pixed 1n a qu~,w;f!nt, cold \\·,11.rr bath i,11 
IO'C 

FIND: (JI Q\'erall hrat tmns(cr CQtffie1cn1, U. betv.«n 1he hot and cold nuid, tind Cb1 Compu1c- J.nd 
ploc U ii:. .1 runcuon or the ho, process nu1d 1cmp:mrurc r« 1.h.c range 20 S T , s 50''C 

SCUE~IATIC: 
Thln-waUed 
c;ontalner 

Cold water bath 
r .. c=10oC 

' 

,\SSUl\l'PTIONS: (I) S1f::ady..-su1.e cond1110M, (2) Hc.;U ln'lm.fer m 1he surf.k:t.~ .tppro~i100:11:J by r~c 
con\'et:tton from ta vcnical plate, (3) Flu1d.s are ,~tensi\e and q1,ncsccol. t4) Ho, pn:,ccu fluid 
1ht-rmophyn1.;..al pro-pc nae, 1ppro;11irm1cd A.'i 1hosc o( v.•:1te,.. 11nd CS) NcghgJblc coii1amcr wall thermJJ 
l'C\UU.tlU 

PROPERTIES: Tub/, A 6. w ... , (anume T,. • JIO K): P.= 1/1 007 x 10· = 99J lgim'. , .. ~ 41 7b 
Jlkg K. ,,, ;; µJp11 a 695 x 10"' N•!l/mzm3 kg/m \ = 6 999 x 10 1 rn:h, . .._,e 0.628 W/m K. Pr11 s .i 62. <lt.: 
l./p,.o,,• 1.514x to·• m'ts,jl.=l619x tO•K1

• Tabi,A.6, W,1cr(11>sumcT1 a29S Kl: p,= 111002 
x 10 ' = 99~ kglm'. c,. = 4181 Jlkg K. v, •µ.Ip.= 959 x 10' N gm1/998 ks/m1 =960'I x 10 m't,. I.. = 
0 606 Win, K. Pr.• b.62, a.• kJp~,~-= I-IS2x 10 1 m'Js. P. = 227.5 x 10• K' 

ANAL \'SIS: uo The o-.·cnt.11 ht:at tran-.rcr coc!fldcn1 becv.e-en t.hc hot procc,s Ou,d. T_ 
11 

.ultl 1ttc i.:old 

water bath nu,d. T_ ' Ii 

whe.rt tht: Zl\lCl111C free comecuon coc.ffic.cms cao be c.-.t,matcd from the \lrmcul plal~ i;nnt:IJUon E~ 
9.26. "1th 1hc RaylciJh number, Eq 9 25. 

Nul = o.~25.. 0.387Rat !1 { }
: 

[1 + (0 ~92/Prt" r. 
To ~tfctt .a \Olut1on. ru.sumc T. --(T. . T 1 )/2 = 30'C = l03K. sc, th.ii the bot J1ld cold Ou1d film 

tcmpcr.:nura m T 111 a 313 K • , 10 Kand T,-' .=. 293 K • 295 K. From an cnc.,rgy b.iliul<e .t1.:rc.hJ 1hc 
COlltllJlltf Y..tlh.. 

ii,(T., -T,) = ii, (T, - T ) 

1hc surface. te.mpu.uurr T, on be de.1crmmcd Ew.luaung the conelauon p:ammeter,. find 

Ho, prou,s fluid 

R 
_ 9811V>' x l61.9 • 10 "K '(S0-10)K(Ol00m)' 

51
, , 

'L•- , '/ ~ q • ... .17xJO b.999x10· m· ,xl.S14•10 m·:s 



PROBLEM 9,20 (Con1.1 

h,•WJ9, 06116W mK/0200m-618W/m K 

FmmFq t l,finJ 

U-{1/790•1618) 'W/m K • 347W/m K 

l\,mtc Eq.(-1). fmd 1hc rciulung )UrfllCC lcmpcnuurc 

790\\ /m' K(50 T.)K =olSW/m· K{T, JO)K 

Whk.:b comp.u--cs r11 ... or~ly ""'lh our oss,,Hncd ,1;1.lu.e of lO"C. 

< 

tbt Lf,ing the IIIT Currcln.11,H1s Tm,/, fru Cc>nl'uttmr. Vf.'rttcal Plau ;lJld fallowing tht: torcgoma 
i1ppro;w;h. the o\·,rall coeffidcn1 w111 compu1ed 11 a funcuon of 1h~ ho-1 fluut 1cmprn11urc 11nd i' rlotl.61 
bclo" Note lb.al U mcrea-w:,. nlmo,1 hncnrly w11h T .. 1, 

. 
i • 
I 
1 

.. -------------

.. 
' t 

l 
,. '-----'-------'-'---' .. • .. 

l'W _____ , ..... 

CO~t:\IESTS: for 1hc cond11tom, o l pan (..t), usm1 lht lHT model of p:art ChJ \lrllh thcrmoph)·~t~.il 
proptmt':i t\·IU0111t'CI 31 the proper film ttmpcn.11.ure~. find U = :lS2 \Wm K 1,1, uh T l-=- 32_.J"C Our 
appro,1m:11~ , ,lut100 "'as _. gO(ld on~ 

12) Bo;IIUk the Stl of equ.auon~ for p.ut cb) a qwtc )taff. when U'l' lng. the urr model you shouJd folluiw 
the suggtsuon\ an tht lHT E":unple 9 l ,nclud,ng U.\.t" or the m1nn\1c funct ion TOu,d_a.vg 1Tt .Til 



PROBLEM 9.21 

KNOWN: Heigh1, widlh. errussivily ond icmpcrarure of heoung panel. Room :ur ;u,d w.U 
temperature. 

FIND: Nel m1e of heal mmsfer from panel 10 room. 

SCH£MATTC: 

T.11r=300K 

ASSUMPTIONS: (I) Qulesccni nir, (2) Walls of room form• large enclosure, (3) Negligible 
hen1 loss from back or panel. 

PROPERTIES: Table A.4. Air (Tr= JSO K. I oim): v ~ 20.9"1<r' m'I>. k = 0.03 W/m K. a• 
29.9"1cr' m2/s, Pr = 0.700. 

ANALYSIS: The heo1 loss from 1hc panel by con,·cction ond rad,odon cxchongc ,s 
- ..... q = hA(T, - T-l + eaA(T, - , .,,). 

With 

R•L = _&_ll_<T_,_-_T ___ )L_l = 9.8 m/s2(1/3SO K)(IOO K)(J m)l % 4_4Sxl09 
av (20.9)(29.9)xl0-12 m4/s2 

and oaing lhc Chun:luU and Chu corrclotion for free convection from a venkal pl:uc, 

- iiL { 0.387Ra~• }
2 

NuL = - = 0.825 + wa• K/2? = 196 
k f I + (0.492/Pr) 1 

ii= 196k/L= 196x0.03W/m·K/Jm =S.87W/m1·K. 

Hence, 

q = 5.86 W/m2·K(O.S m2)l00 K 

+0.9xS.67xl0-1 W/m2·K4 (0.5 m2)1(400)" - (300)' JK 

q= 293 W +447 W =740 w. <] 

COMMENTS: As is 1yp1col of free convcction in ga$CS, heat =fer by surfoce rodln1ion is 
comp:m1blc 10, if 001 larger 1h00, lhe convection m1e. The rtlatfrt contribuoon of frc,: 
convection would increase with decreasing L tt.nd T,. 



PROBLEM 9.22 

KNOWN: Ininal 1cmpcra1uro nnd dimension., of nn aluminum pla1c. Condition of 1hc plate 
surroundings. Plate cmisstvity. 

FIND: (a) Initial cooling race. (b) Validity or a»Uming negligible 1cmpcrnrure gn1dienu in the 
pl111e during the cooling proce.u. 

SCHEMATIC: Atununum plat«. 
'1;=300-C, E.=Q2S 
L•Q.Sm, A5 ';a2sm1. 
v.,., A,• 4,10·•.,., 

ASSUMPTIONS: (I) Plate 1cmpern1uro is uni!onn, (2) Cl,nmbcr oir is quicsccn1. (3) Pince 
surface l$ diffuse-gray, (4) Chombcr surface is much lru-ga- than 1ha1 of pince, (5) Negligible 
hca1 innsfct from edges. 

PROPERTIES: Tablt A-I, Alurn.inum (573 K): Jr.= 232 W/m·K, c, a 1022 J/kg·K. p = 2702 
kg/ai': Tobit A-4, Air (1'1 = 436 K, I ann): v = 30.72>clo-" m2/s. a e 44.7• Jo-" m2/s, k • 
0.0363 W/m·K. Pr= 0.687. I}= 0.00229 K"1• 

ANAL YSJS: (a) Performing an energy b•lancc on ll1c pl11c, 

-q • - 2A,(ii(T -T_) • to(1" - T,:.) • E,, • pVc;,)dT/dll 

dT/dt•-2/h(T-T_) +,o(T' - T.:.)J/pwc, 

Using lhe com,lation of Eq. 9.27, will, 

Rat,• lll(T,-T_JL' • 9.8m/r><0.00Zl9K"1(:l00-27JK(0.)m)' ='.!18"IO' 
va 30.72•10"' m1/.,....7><10_. mlt, 

6 • !. { 0.68 , ().67UR,i~• 
L I I + (0.49'2/Prl"'' I'" } 

0.036.l { O + 0.6ro(3.!18><1o')1~ } 
• 0.3 .6S I l + (0.49?.ll.687)''"1'" 

h• 3.8 Wlm'•I<. 

Hence the inhiol coollng rate is 
dT 2(S.8 W,ln1·K(300-27)C" +OZ>c3.67xllT1 W/m1•K'((373 KJ' -(300 K)'IJ 
di• 2702 k&lm'(O.Ot6m)l022 l/lQ;·K 

<l 

(b) To check the validi1y of nealcctinc rcmpcr.uure l!J'l(licnu across lhe ~late thickness. 
calculaic Bi• h,,,r (w/2)/k where h,a • c(.,./CT,-T_) a (1583 + 14131 W/in /273 K • 11.0 
W/m1-K. Ren«: 

Bl =(I I W/m1·K)(0.008 ml/232 W/m·K = 3.8xl(T"1 

and the assumption is excellent. 

<l 

COM.MENTS: (I) Longitudinal (x) temperature gradicnis are likely 10 be more '5CV= than 
those ,s.socioted wilh 1hr plrue thickness due 10 the vlU'la1ion of h wilh ~- (2) inhially 
q" con• =ct"r.t· 



PROBLEM 9.lJ 

KNOWN: Boundary cond111onr.1u--.oc::1.tLed with .1. 1dr window t:Ap.:nencmi uniform , oluml.'lm: 
hut.mg 

HNO: Iii) Volumctnc he.rung rah: q necd<J 10 m~nuun rnncr.,urface tc:mpenm.u~ J.l T, c 15''C, tb1 
Efl~lS c>I T.. u ... J.nd T~ on 'I .,1nJ T , .. 

St:HEM \TIC: 

r •. o 
Air 

~ . 0 ° 263 K 
u..• 20 mis 

If 
q• con;;:;:.,.._q• cond 

~ Glass, //, H; 0.5 m 
• . .·. •, . . 

ASSUMPTIOhS: t I) St~Y•!.t;lfe. onc-d1mcns1onal c:onchuonlc. f 21 Coru.uuu propcn1c!>, • )J Uniform 
, ·olumi:uit heaUn1 111 window. (4) Comi:e11on hcilt trnn5(cr from int.crior .,,u.rfaicc or \\•ln<lOY. h.l tntenor 

.11r rn.ll) be :aprn,x1m1ct<l as; rne conv«uon from 1 "enicnl pla~ (5J HeQJ tran~rcr from out.er qJJ'f.1ec , ~ 
dul.'.' 10 forced cunvcc.11on n\.CJ a nat plMe m pJnaJld now. 

PROl't.RTll:S: Tobit U, 0111.U tJOO Kl: l; I 4 W/m K. Tobit A•• Air tT,. • 12-S'C I 01m1. , , = 
14.6 x 10' m't,, l •0.0251 W/m K. u • 20.59 X 10• m11,, ~ e tl/285.51 • ).50) x 10 K 1, Pr• 0 711 
1T, • O"C). v = 13 J9 >e 104 m?/~. k = 0.02-ll Wtm K. Pt.: 0.714 

ANALYSIS: {~l The 1cmpera1u~d1~nbuuon m 1hc glus 1, gove:med h) 1M 1ppropm11.c: form o( 1hc 
hi:a1 ~muon. £q l39. v.h~ gcnc:ral solutton 1\ gncn b)' Eq. 140. 

T(•l ~ -lq/2k)\ 1 +C,, +C 

The conu1tnL1i or rntc$:rtlllOn m.t}' be C'o'filUJ.Ll!d by applymi .i.pproprio1c bound:try cond111on< JI , -=- Cl In 
p::in1,ul:1r, \\·llh T,O) a Tu. C: ;; T.. Appl)'ln_t: lln energy h:tlanct to 1he 1nMr ,urfru:.e. q:_. • q :..,, 1 

-k<ffl •h,(T_, - T., ) 
~ .... 

c, =-(ii./kXT_,-T .. ) 

•h(T -T) 
T(~) . - (q/2k)!tt: • .. • ,.. A .. T~ 

k 

1l1C requlred gcneruuon may then be obtamc-d b}' formulilung .1.n enitt»,Y b:tfo:ncc i.11 1hc outer 11urfocc. 
when, q ·;.. = q .__ . u .. ng Eq (I), 

-- k ~ h, (T~ - T . • ) .. , 

JI I 

Conunued 



PROULloM 9.ZJ tCon1.1 

-k~ •-l(-ql)•ii(T -T.)=••L..-ii(T -T.) .I t. I ,. I 1.1 , I '"'I I 
ull, ut "' 

11) 

Subsucuun~ Eq. 13) 11110 Eq., ll, the cn~rg)· h;iliJP« bl..-coffle!. 

~L = ii .(T,. - T .• J • ii,(T., -T.,) 

•hl'.'n' r , . may be l'.'\';lfuatcd by 11pp1)1ng Eq tlJAJ. x • L 

T. ...'I!:.. - ii,(T. -T,,) L.+ T 
- Jk h u 

'l'he tnsult co-n\c'1.ton coc:ffic1cnt m.i.y be obcau:w:d (rom Eq 916, Wnh 

rJl(T,.-T.,)H' 9.Sm ,'{3.503xlO.'K ')(IS-IO)KI05m)' , 
R11H. -=-----'"--,-~--,-:.:.,.-_.:.,........,.....:.... - 1 ll7 )C lO • 

va 14 60>< 10 -e, m· -.x20.S9x 1o·"m· l1 

_ r OJ87Ro'" ]' [ 0.387{7.IJ7x to')',. ]' Nu• - 0.8:?5 + • , .. , e 08lS+ , .
1 

~ 56 
, [1+ co 4q2r,> '"j • [1+104q2'·011n""] 

ii = Nu•~= <6xO.OlSI W!rn K •l~I W/m· K 
' H O..Sm 

The ~mtd~ convccth:)n coefficien1 mJ}' be obtruntd b) fif5l t\'.tluatmg lhc Rcynoldi- numbtr \\'uh 

Re -=- u.H = 201n.,x0.5~. -z1.413xlO' 
11 

11 1'49xl0"m·-. 

11nd i.1tttJ, Re, = ~ x 10\ mt°'td bourub.J)' l.11yercond1uon-; C\l~C lltnce. 

:-lii" • (O 037 Re;;' g11)Pr''' =[0.037(7 • llx 10')'' -871f0.71>)1" = 864 

h •NuH!k/H)={864x0.0241W m K)/0.Sm=416W/m !( 

E.q c,1 nuy no-. be c11.p~iC'J as 

.. ~(0.008m}' ?SIW m K(IO IS)K ., 
I =-~'---'---C..:."--"--'--..;.;.;'-•0.00!lm+288 K••2.286• IO qt 288 IK 

._. ~(LJ\V,mK) 14WmK 

or, 1olv1ng for q, q = -B.74s(T., - 288.t) 

.and ,ulbmuhng ,nio E.q NJ. 

-n.74~T -2881K0.008m)~>l6W/on· K(T -263K)~2.81W/m' K(l88K -281KI 

II loJloy,, lh.il T, . = 28S.rJ K lo whl~h CMC. lrom Eq (M 

q ~ 118kW/m' < 
lb) The p;ar.uTICtnc calcula.t,ons were pt.rfonncd U(mg lhc Onl'•Dtm,n-ru,11al, S1cady•.tlatt' O,ndurllon 
~1odcJ uf lHT v.-11h the appropn.t.tt Currrlatw,r, omd Ph,ptNlr.r Too1 P1wb .• md I.he re.,uh, arc a., follow" 

Conunucd , 
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.. ,, 

.. ... " •• 
._ •lll'lf• ]Qllftlt T .. • IQC 
-- tlff•2D~I Tl'lt-• IOC 
-llt'll•I011n T,.elQC 

I 

' t • 
1 r ' . . 

t- t . I i t-' 
I ! l ' ~ 

I t I I 
I 

• 
I 10 ., 

-- "ff•10""' r.-,~J• IC 
-;- \ll'f••""" ,, .. ,a• 100 
--- ""•.10"111. tr-1,,. nc 

• I 

I 
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,. 

FClr t":c<l ·ru .md T ... 1 • Tu and q .1.tc: !tlrtingl) mOu.cru.:ed by T_• .ind u .... incrta,mg .tnJ d..:c:~a..,1n1, 

rti.prcm·ely. \\llh ,ncrt.l)lnJ T._. and dccrc11,<~m1 and 1~rt•'hmJ, re~~lt\·dy "'1th m..:.rc..i1J1.ln£ u. For 
fl:\eJ T,.1 .1and u., T1,. :Lnd q are mJcpe:ndcm ot T ._.. bu, mcrca\t ;111d dc:cn::;b.c, fe'.oJ>l:'Ch\d)', w11h 

1ncrca,m& T 

C0\1MENTS: tn llcu ur pcrfonuing .t ,urfa«cncrg) balance ,JI"= L. Eq. NI m.i~ .dt.0 be obtamcd hy 
1Jppl}mJ,1. an cnc.r10 h,Jl,mce to u t,;On lrol \'Olumc .1b,nu11hc cnUrt windo-.. 



PROBLEM 9.24 

KNOWN: Vcnical p;u,cl with unifonn heat ftwt e•poscd to ambient air. 

FIND: Allowable heat ftux ir=ximum tempc:ra1ure tS not to c•cccd a spc:c,fied Y111uc. Tm ... 

SOCEMATIC: 
7; ~r,...x :31•c 

-,. -L,Jm 

Ou,•scen+ 8ir1 T
00 

,2,5•c 

ASSUMPTIONS: (I) Constant properties, (2) Radiative ••change with surroundings 
negligible. 

PROPERTIES: Tablt A-4. Air <Tra(Tr.n+T .)12 ={3S.4+25)0C/2 =30.2°C =303K. I atm): 
v= 16.19>.lo-6 m2/s. k=26.S.HT3 W/m·K, 11=22.9,l0-6 m2/s, Pr=0.707. 

ANAL VSIS: Following the 1tea1mtnt of Section 9.6. l for • vertical pla1c with urufonn heat 
ffux (consmnt q,"), the heat ftux can be evaluated as 

<t:'=hATIJl where ATIJ2 • T, (I.J2)-T. (1.2) 

llJld Ji is evaluated using an a.ppropritu.c corrchuion far a consta.nt 1empcnuun: vcnical plruc. 
From Eq. 9.23, 

(3) 

and rte0gnizing tlw the 11ll1Ximum rcmpc:nuure will occur at the top edge, x a L, use Eq. (3) to 
find 

AT1J2=(37-2S)"CJI.IS(l/1)1/j = I0.4°C or 

Calculale now the Rayleigh number boscd upon ATIJ2, with Tr-={TIJl+T.}12 =303K, 

&A L\TLJ 
RaL=-~"-- where AT•ATU2 (4) vex 
RaL =9.8cn/s2 (l/303K). J0.4K (lmY/16.19,10-6 m2/sw22.9wl0➔ m2/s =9.07, lo'. 

Since R•t < 109, the boundary layer flow ls laminar: hence the corrcluOon of Eq. 9.27 IS 
nppropruue, 

- ii L 0.670 Ra!_I' 
NUL = - • 0.68 + .,.,.--,--:;::-::-,-:;;;;.".'.l!' (5) 

k I I+ (0.492/Pr)91161<N 

ii= [ 0.026~:/m·K ] 10.68 +0Ji70(9.07, to'J"'II t + (0.492/0.707)'"61"" I •2.38 Wtm'·K 

From Eqs. (I) and (2) with numerical values for ii and ATIJ2, find 

q;' =2.38 W/m2·K x I0.4°C=24.8 W/m2 . <] 

COl\fME'!fS: Recognixe that radiauon exchange ~th the environment w1U be sigmliconL 
ASSJJming T,=TIJl, T,..=T. and£= I, find <C:.t= o(T,-T' .. ) =66 W/m2 



PROBLEM 9.25 

KNOWN: Vertical c,rcuil board dissipating SW 10 amb1cn1 air 

f'[Nl): (a) Maximum temperature of lhc board assuming uniform surface hcol flux and (b) 
Tempcrnrure of lhc board for on isothermal surfncc condition. 

- -L•lSOmm SCHE?.1ATIC: 
13oard, JSOn,m .Sfuar• 

a"--2'' w ._ / Q . ::< <..<.-"- -L .Z. ,ue,ccT>r s .,.z --+ 
-+ T..tz air, T.,,,21•c 

-l•JSOmm 

,nc,,rl­
le. T.,•27'!: 

9.,sw 
- j" 

Un,form ne•t flux, CJ; 
s 

Um form SuMlt:e k111p,r,tu~ T, 
ASSUMPTIONS: (I) Board cilhcr uniform q;' orconslilnl T,, (2) Quu:secn1 room air. 

PROPERTIES: Table 11-4, Ak <Tr&CTtn+T.)12 or (T,+T.)/2. I tttml. values used in 
iterations: 

hcmtion Tr(K) v • lW(m!/s) k·lol(W/m·K) a·l06(mzl•> Pr 

l 312 17.10 27.2 24.3 0.705 
2 323 18.20 28.0 25.9 0.704 
3 318 )7.70 27.6 25.2 0.704 
4 320 17.90 27.8 25.4 0.704 

ANALYSIS: (a) For lhc uniform hcn1 Hux co.IC (sec Section 9.6. l ), lhc heal Dux b 

and 
q;'=q/1\, =SW/(0.150m)2 = 222 W/m2 

The mo.ximum tcmpcnnure on the board will occur al >c • L and ftom Eq. 9.28 i) 

AT,= I.IS(x/1..)1" l\Tl/2 

TL=Tmu =T.+ l .!SC.Tu, . 

(1,2! 

(3) 

The average heut uans(cr coefficient ii is csnma.ted rront a vcnical (unarom1 1·,) pJotc 
cone.11.'1.Uon based upon the tcmpe:n:uurc difference AT U2· Recognize 1h:u un IICf'llt:ivc pmccdurc 
is requin:d: (!) assume a value or T1.11, use Eq. (2) 10 find ATtn: (ii) evaluate 1he Roylcigh 
number 

(4) 

ond selcc, the oppropna1e corrclauon (d1hcr Eq. 9.26 or 9.27) 10 esum,uc h; (Iii) use Eq (I) 

w11h vnlucs orii and C.Tu, 10 hnd lhc cnlcula1cd value or q;•: and (iv) rcpea1111,s proccdwt unul 
!he cnlcula1cd value for q;• i$ clos., 10 q_;• = 222 W/ml, the required heat flux 

Conunucd _ 



PROBLEM 9.25 (Cont.) 

To cvalwuc propcnlcs for !he correlation, use the film tcmperarurc, 

Tr=<TLJ2+T.)12 . 

ltuation Ill: Assume Tuz =SO"C and from Eqs.. (2) IIJld (5) find 

ll.Tuz=(50-27)°C=23°C Tr=(50+27)0 Cl2=312K. 

From Eq. (4), with ll= l/fr, the Rayleigh number is 

Rot. •9.8m/s1 
( l/312K)x 23°C (0. 150m)3 /(17.10,. I 1)-<> m:h)x (24.3x lo-' m2 Isl= 5.868• Jo" 

Since RaL < lo'l, the Row is laminor and Eq. 9.27 is nppropnatc 

ii L 0.670 RA/!0 

NuL = - = 0.68 + -----,-,,.-,=...,,.,-
k II+ (0.492JPr)9116J'I' 

iiL • 
0
-a:i~s:::·K I0.68+0.670(5.86Jbc 10")'"111 +(0.492/0.705)91,.1"'} =4. 71 W/m2·K. 

Using Eq. (I), the calculoled he>1 OW< Is 

ct:'= 4.7 I Wtm'·K x 23°C = 108 W/m2 

(S) 

Since q;' < 222W/m
2• the requlttd vaJue. 11.DOlher 11crarion with tan increased cstim:uc for Tt.n 

is w,rramcd. Funher icerntion results are tabulated. 

2 75 •• 
J 65 38 
4 68 41 

323 IJ>44xlO' 
Jl8 8.86txt0' 
320 9.Jllxlo' 

5.S8 
5.28 
5.39 

267 
200 
221 

After hcrntion 4, close agreement between the calcul:tted and required ct:' is achieved with 
T U2 = 68°C. From Eq. (3), the mulmum boon! temperature Is 

(bl Fo,- the uniform iempcrarure case. the procedure for csumauon or the ovcrngc heat 1n1nsfcr 
coefficient Is the same. Hence. 

COMl\1ENTS: In both cases, q= SW :tod 
ii e S.38 Wtm1. llowcver, the tempcrn1urc 
distributions for the 1wo cases mrc qui1e diffcrcn1 
ns shown on the ske1cb. For q;• = constan1, 
ll.T, - ,t/5 ll<lcording 10 Eq 9.28. 

IC~'.!-
7;.ton.st 

- -.,T'll. 
~:tonst o, ...... _._~,_-=-~ 

o.T,•T,· T., 

<J 



CHAPTER 10 

EIGENVALUES AND 
BOUNDARY VALUE PROBLEMS 

SECTION 10.1 

STURM-LIOUVILLE PROBLEMS 
AND EIGENFUNCTION EXPANSIONS 

l. In the notation of Equation (9) in Section 10.1 of the text we have a1 = {J1 = 0 and 
a2 = {Ji = 1, so Theorem 1 implies that the eigenvalues are all nonnegative. If A = 0, 
then y" = 0 implies that y(x) = Ax+ B.' Then y'(x) = A, so the endpoint conditions 
yield A = 0, but B remains arbitrary. Hence Ao = 0 is an eigenvalue with 
eigenfunction 

Yo(x) ;:: 1. 

If )., = d- > 0, then the equation y" + ciy ;:: 0 has general solution 

y(x) = A cos ax+ B sin m, 
with 

y'(x) = -Aa sin ax+ Ba cos ax. 

Then y'(O) ;:: 0 yields B = 0 so A :t 0, and then 

y'(L) = -Aa sin aL = 0, 

so aL must be an integral multiple of 'Ir. Thus the nth positive eigenvalue is 

and the associated eigenfunction is 

nn:x 
Yn(x) = cos-. 

L 

2. In the notation of Equation (9) in this section we have a1 ;:: {Ji = I and a2 = /31 ;:: 0, 

.so Theorem I implies that the eigenvalues are a11 nonnegative. If A = 0, then y" = 0 

implies y(x) = Ax+ B. But then y(O) = B ;; 0 and y'(L) ;; A = 0, so it follows that 
0 is not an eigenvalue. We may therefore write 1 = a2 > 0, so our equation is 
y'' + d-y = 0 with general solution 



y(x) = A cos ax+ B sin ru. 

Now y(O) = A = 0, so y(x) = B sin ax and 

y'(x) = Ba cos ru. 
Hence 

y'(L) = Ba cos aL = 0, 

so it fo11ows that aL must be an odd multiple of rr/2. Thus 

(2n-l),r 
a,, = 

2
L , l,. = a;, y,.(x) = sina,,x. 

3. If A = 0 then y" = 0 yields y(x) = Ax+ B as usual. But y'(O) = A = 0, and then 
hy(L) + y'(L) = h(B) + 0 = 0, so B = 0 also. Thus ). = 0 is not an eigenvalue. If 
A = tr > 0 so our equation is y" + <i-y = 0, then 

y(x) = A cos ax + B sin m, 
so 

y'(x) = -Aasin ax+Bacos ax. 

Now y'(O) = 0 yields B = 0, so we may write 

The equation 

then gives 

y(x) = cos ax, y'(x) = -a sin ax. 

hy(L) + y'(L) = h cos aL - a sin aL = 0 

h hL 
tanaL = - = -, 

a al 

so /3,, = a,,L is the nth positive root of the equation 

hL 
tanx = - . 

X 

Thus 

y (x) = cos /3,,x. 
" L 

Finally, a sketch of the graphs y = tan x and y = hL/x indicates that f3n = (n - l)tr 
for n large. 

4. Here a1 = h > 0, a2 = /31 = 1, and /3i = 0, so by Theorem l in Section 10.1 there 
are no negative eigenvalues. If A. = 0 and y(x) = Ax+ B, then the equations 

Section 10.1 415 



6. 

hy(O) - y'(O) = hB - A :::: 0, y(L) = AL + B = 0 

imply h :::: AIB = - 11 L < 0. Thus 0 is not an eigenvalue. If A. = a2 > 0 and 

y(x) = A cos ax+ B sin ax, 

then the condition hy(O) = y'(O) yields B = hAI a, so 

y(x) = A (a cos m + h sin ax) 
a 

= ~(f3cos {3x +hLsin {1x) 
f3 L L 

where f3 = aL. Then the condition 

y(L) = ; (/3 cos /3 + hL sin /J) = 0 

reduces to tan {3 = _l__ 
hL 

• (2n-1)1t'x E • (25)' S. 101 'h () 1 ·1ct Y (x) == sm---- so quatmn m ectrnn . -wit r x = -y1e s 
n 2L 

Jl f(x)sin (2n-l)nx dx L 

c" = o L 2L = ~f f(x)sin (2n-l)nx dx, 

f 
. 2 (2n-l)nxdx L o 2L 

sm 
o 2L 

because the denominator integral here evaluates - by use of the trigonometric identity 
sin 2 A= -½-0- cos 2A)- to U2. 

7. The coefficient en in Eq. (23) of this section is given by Fonnula (25) with f(x) = r(x) 

= 1, a = 0, b = L, and Y,. (x) = sin f32x. Using the fact that tan /3,. = - ! , so 

sin /3,, cos /3n fi d th t _..:...:;... = __ ....;....;.:.. we m a 
/3,. hL ' 

l ) [ ]l L x 1 2x 1 L.2x 

f sin 2 ~dx = f -(1-cos~ dx = - x--sm.J1__ 
o L O 2 L 2 2/3n L 

0 

= - L-L "cos/3 = - L+L "cos/3 = 1 ( sin /3 ) 1 ( cos {3 ) 
2 /3,, " 2 hL " 

416 Chapter 10 

hL+cos
2 

/3" 
2h 



and sin-n-dx = ------''--'"-JL /3 x L(l-cos /3n) 

0 L /Jn 
Hence the desired eigenfunction expansion i 

for O < X < L. 

8. The coefficient c11 in (23) is given by Formula (25) with f(x) = r(x) = 1, a = 0, 
b = L, and yn(x) = cos /3,,xl L: 

L . /3 -sm n 

= /3 n _ _4_s_i n_;;/3.....::n'--
I ( L ) - 2/3n + sin 2/Jn - L+-sin2/J. 
2 2/J. 

Hence the desired eigenfunction expansion is 

1 ~ 4sin /3. /3nx = ~ -----'---"---COS-. 
•=l 2/J. +sin 2/Jn L 

9. The coefficient c,. in (23) is given by Formula (25) with f(x) = r(x) = 1, a = 0, 
b = 1, and Yn(x) = sin /3,,x. Using the fact that tan /311 = -/3nlh, so 

h sin /311 = - {J,.cos f3n, we find that 

and 

f~ xsin /3.x dx = ~; f~ /Jnx sin /Jnx • /3.dx = ;; J:• u sin u du 

_ sin /3. - {J,. cos /3. 
- /3;; 

l[. 1.B, = - 2 sm u-ucosu Jo 
/3. 

(I +h)sin /3. 
= 

/3: 
sin /3. - /3. cos /3,, 

= 
/3: 
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It follows that the desired expansion is given by 

for O < x < l. 

10. The coefficient en in (23) is given by Fonnula (25) with f(x) = x, r(x) = 1, a = 0, 
b = I, and y11(x) = cos /3nX. Integrations similar to those in Problems 8 and 9 give 

rt xcos /Jnxdx J,1 
en = = t cos

2 /3,.x dx 

4(/3,. sin /Jn +cos /3,. -1) 

/Jn (2/3. +sin2/3J 

With this value of c,. for n = 1, 2, 3, • • ·, the desired eigenfunction expansion is 

11. If A = 0 then y" = 0 implies that y(x) = Ax+ B. Then y(O) = 0 gives B = 0, so 
y(x) = Ax. Hence 

hy(L) - y'(L) = h(AL) - A = A(hL - 1) = 0 

if and only if hL = 1, in which case Ao = 0 has associated eigenfunction y0(x) = x . 

12. If A = -cl < 0, then the general solution of y" - d-y = 0 is 

y(x) = A cosh ax+ B sinh m. 

418 

But then y(O) = A = 0, so we may take y(x) = sinh ax. Now the condition hy(L) = 
y'(L) yields 

h sinh aL = a cosh al. 

It follows that /3 = aL must be a root of the equation 

X 
tanhx = -. 

hL 

The curve y = tanh x passes through the origin with slope 1, and is concave upward for 
x < 0, concave downward for x > 0. Hence this curve and the straight line y = xi hL 
intersect other than at the origin if and only if the slope of the line is less than I - that is, 
if and only if hL > 1. In this case, with /Jo the positive root of tanh x = xl hL, we 
have Ao= ~/J; and y0 (x) = sinh {30 x. 
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13. If ..t = + cl > O. then the general solution of y" + dy = 0 is 

y(x) = A cos ax+ B sin ax. 

But then y(O) = A = 0, so we may take y(x) = sin ax. Now the condition hy(L) = 
y'(L) yields 

h sin aL = a cos aL. 

It follows that /3 ;; aL must be a root of the equation 

X 
tanx = -. 

hL 

So if /Jn is the nth positive root of this equation, then ,ln = a; = /3; I L2 and the 

corresponding eigenfunction is Yn (x) = sin /Jnx IL. 

14. With A = 0, y" = 0, and hence y(x) = Ax+ B, we have y(O) = B = 0, so y(x) = 

Ax. Then the condition hy(L) = y'(L) reduces to the equation hL = A, which is 

satisfied because hL = 1. Thus Ao = 0 is an eigenvalue with associated eigenfunction 

y0(x) = x. Together with the positive eigenvalues and associated eigenfunctions 

provided by Problem 13, this gives the eigenfunction expansion 

where tan /Jn = /Jn· The coefficients are given by 

f J(x)xdx _ 3 lL 
Co = L - -3 xf(x) dx, 

Io x2 dx L o 

f J<x)sin/Jnx/Ldx 2 rl 
c0 ° L = . 2 Jo f (x)sin f1nxl L dx, 

f sin 2 /J xi L dx Lsm /3. 
Jo " 

the latter because 

[ ]

l 
L 

2 
lL 1 L 2x 

f sin /Jnx IL dx = - ( (l-cos2/Jnxl L) dx = - x--sin~ 
Jo 2 Jo 2 2/3 L 

n 0 

= ~( L-L· sit •cos/J.) = ~(I-cos' JJ.) = Lsi~' JJ •. 

15. If Ao = 0, then a general solution of y"' = 0 is y(x)::;:; Ax+ B. The conditions 
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y(O) + l (0) = B + A = 0, y(l) = A+ B = 0 

both say that B = -A, so we may take y0 (x): x-1 as the eigenfunction a,;sociated with 

Ao= 0. If A = +if < 0, then the general solution of y" + <ry ;:::: 0 1s 

y(x)::;: A cos ax+Bsin m. 

But y(O) + y'(O) = A+ Ba = 0, so A = -Ba, and then 

y(l) = Acosa+Bsina = -B(acosa-sina) = 0. 

Thus the possible values of a are the positive roots {,Bn} of the equation tan x = x, and 

the nth eigenfunction is Yn (x) = ,Bn cos /3nx-sin /Jnx• 

17. The Fourier sine series of the constant function f (x) = w for O < x < L is 

w = 4w L .!..sin nrrx. 
1C nodd n L 

If y = Lhn sinmrx/ L, then 

.. • 4b 
EI Y

("> El~ n 1t n • mrx = "'-' 4 sm--. 
n=l [, L 

Upon equating coefficients in these two series and solving for bn, we see that 

4wL
4

" 1 . mrx y(x) = --j "'-'-5 sin--. 
Ehr nodd n L 

18. By Equation ( 16) in Section 9.3, the Fourier sine series of / (x) = bx for O < x < L is 

2bL .. (-l)n+I . mrx 
bx = --L---sm--. 

11: n=l n L 

If y=I,bnsinn1rx/L, then 

.. 4 4b 
El Y

i4> EI~ n 11: n • mrx = "'-' 4 sm--. 
n"I [, L 

Upon equating coefficients in these two series and solving for bn, we see that 

2bE - (-1)"+1 
. n1Cx 

y(x) = --5 I, 5 sm--. 
E/tc n=I n L 

19. With ,l = a4, the general solution of y<4> - a4y = 0 is 
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and then 
y(x) = A cosh ax + B sinh m + C cos m + D sin ax, 

y'(x) = a(A sinh ax+ B cosh en - C sin m + D cos ax). 

The conditions y(O) = 0 and y'(O) = 0 yield C = -A and D = -B, so now 

y(x) = A(cosh en - cos ax)+ B(sinh ax - sin en). 

The conditions y(L) = 0 and y'(L) = 0 yie]d the two linear equations 

A(cosh aL - cos aL) + B(sinh aL- sin al) = 0, 

A(sinh aL + sin aL) + B(cosh aL- cos aL) = 0. 

This linear system can have a non-trivial solution for A and B only if its coefficient 
determinant vanishes, 

(cosh aL- cos aL)2 - (sinh2aL - sin2aL) = 0. 

Using the facts that cosh 2 A - sinh 2 A = 1 and cos 2 A+ sin 2 A = 1, this equation 

simplifies to 
cosh aLcos aL-1 = 0, 

so f3 = aL = x satisfies the equation 

cosh x cos x = l . 

The eigenvalue corresponding to the nth positive root f3n is 

Finally the first equation in the pair above yields 

B = _ coshaL-cosaL 
sinh aL - sin aL ' 

so we may take 

y
0 
(x) = ( sinh .B. - sin .B. i(c osh /3( -cos /It J 

-( cosh /3. - cos .B. l( sinh ,8( - sin ,Bt J 
as the eigenfunction associated with the eigenvalue A.,,. 
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20. As in Problem 19, the solution of / 4
) - (iy = 0 satisfying the left-endpoint conditions 

y(O) = 0 and y'(O) = 0 is given by 

y(x) = A(cosh en - cos ax)+ B(sinh ax - sin ax). 

The right-endpoint conditions y"(L) = 0 and y<3>(L) = 0 now yield the two linear 
equations 

A(cosh al+ cos aL) + B(sinh aL + sin aL) = 0, 

A(sinh al - sin aL) + B(cosh aL + cos aL) = 0. 

This linear system can have a non-trivial solution for A and B only if its coefficient 
determinant vanishes, 

(cosh aL + cos aL)2 
- (sinh2al - sin2aL) = 0. 

This equation simplifies to 

cosh aL cos aL + 1 = 0, 

so /3 = aL = x satisfies the equation 

cosh x cos x = -1. 

The eigenvalue corresponding to the nth root f3n is 

Finally the first equation in the pair above yields 

B = _ cosh aL+ cosaL 
sinh aL + sin aL ' 

so we may take 

Yn(x) = (sinh /311 +sin /Jn)( cosh f32x -cos /32x) 

-( cosh /Jn + cos /311 )( sinh /JLx -sin /JLx) 

as the eigenfunction associated with the eigenvalue Arz. 

21. As in Prob1ern 19, the solution of / 4
) - a4y = 0 satisfying the left-endpoint conditions 

y(O) = 0 and y'(O) = 0 is given by 

y(x) = A(cosh ax - cos ax)+ B(sinh ax - sin ax). 
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The right-endpoint conditions y(L) = 0 and y"(L) = 0 yield the two linear equations 

A(cosh al- cos aL) + B(sinh al- sin al) = 0, 

A(cosh al+ cos al)+ B(sinh aL + sin aL) = 0. 

This linear system can have a non-trivial solution for A and B only if its coefficient 
determinant vanishes, 

(cosh al- cos aL)(sinh aL + sin al) 

- (cosh aL + cos aL)(sinh aL- sin al) = 0. 

This equation simplifies to 2coshaLsin aL-2cosaLsinh aL = 0, which is equivalent 

to tanh aL = tan aL. Hence /3 = al = x satisfies the equation tanh x = tan x, 

and the eigenvalue corresponding to the nth positive root /311 is An = a: = (/3n I L)4
• 

SECTION 10.2 

APPLICATIONS OF EIGENFUNCTION SERIES 

1. The substitution u(x, t) = X (x)T(t) yields the separated equations 

X" + d-X = 0 and T' = -kAT 

with separation constant A= a 2. In Problem 3 of Section 10.1 we saw that the Stunn­
Liouville problem 

X" + d-X = 0, X'(0) = hX(L) + X'(L) = 0 

has eigenvalues A,. = a~ = /3} I L2 and eigenfunctions 

X (x) = cos /3,.x 
n L 

for n = 1,2,3,···, with{/311 } beingthepositiverootsoftheequation tanx = hUx. 
The solution of r; == -kA.I: is then 

T,(t) = exp(-/3{~} 

so the resulting fonnal series solution is 
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u(x,y) = I,c. sin /3.x sinh /3.(L-y). 
n=I L L 

The coefficients in the eigenfunction expansion are given by 

JL f(x)sin f3nx dx 
4 

L 

o L L ::;: . /3. . ( f (x)cos /3nx dx, 

( • h/3 >J . 2 /3.xdx L(smh/3"){2/3.-sm2/3n)Jo L 
en= 

sm n sm -
o L 

because 

3. The substitution u(x, y) = X (x)Y(y) yields the separated equations 

X"- «X = O and Y" + d!Y = 0 

with separation constant A = a 2
. Problem 3 of Section l 0.1 we saw that the Stunn­

Liouville problem 

Y" + a2Y = 0, Y'(O) = hY(L) + Y'(L) = 0 

has eigenvalues il. :;:;:: a; = /3; I I! and eigenfunctions 

for n = 1, 2, 3, · · •, with {/J,.} being the positive roots of the equation tan x :: hUx. 
The solution of 

X" - ff; X = 0, 
n L2 n 

X(L) :;:;:: 0 

is 

X ( ) 
_ . h /J.(L-x) 

" x - sin , 
L 

so the resulting formal series solution is 

u(x,y) = I,c. sinh /3.(L-x) cos /3nY. 
n-=I L L 

The coefficients in the eigenfunction expansion are given by 
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(l g(y)cos /3.Y dy 

c. = -~------ = ------~- g(y)cos-.!!Ldy Jio L 2h JL f3 
.. JL f3 (sinh /JJ (hL+sin

2 
/3.) o L ' (sinh /3J cos2 2dy 

o L 
because 

(L cos2 f3"y dy = f L .!.(1+cos 
2

/3.Y )dy = [.!.(y +~sin l/3nY )ir 
Jo L O 2 L 2 2/Jn L Jo 

= .!.(L+_£_sin2/J ) = hL+sin2 /3". 
2 2/3. " 2h 

The final step here is the same as in Problem I, using the fact that 

(hLcosf3.)Jf3. = sin/3. because tanf3n=hLl/3n-

4. The substitution u(x,y) = X(x)Y(y) yields the separated equations 

426 

X"+ crX = 0 and Y" - crY = 0 

with separation constant ..t = a 2
. In Example 5 of Section 10.1 we saw that the Sturm­

Liouville problem 

X" + «X = 0, X(O) = hX(L) + X'(L) = 0 

has eigenvalues l. = a; = JJ: I L2 and eigenfunctions 

X (x) = sin /3.x 
• L 

for n = 1, 2, 3, • • ·, with { {3,,) being the positive roots of the equation tan x = -xlhl. 
The bounded solution of 

IS 

so the resulting fonnal series solution is 

u(x,y) = fc"sin/3"xexp(-/3•y)· 
""'I L L 

The coefficients in the eigenfunction expansion are given by 
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f L f (x)SiO /3nX dx 
4 

L 
C = 0 L = /Jn f f(x)cos /3nx dx 

n IL. 2 /J,,xdx L(2/3n -sin2/3n) 0 L ' sm -
o L 

the calculation of the denominator integral here being the same as in Problem 2. 

5. The substitution u(x,t) = X (x)T(t) yields the separated equations 

X"+ d-X = 0 and T' = -k1T 

with separation constant A = a 2
• In Problem 4 of Section I 0.1 we saw that the Stunn­

Liouville problem 

X" + clx = 0, hX(O) - X'(O) = X(L) = O 

has eigenvalues ,l" = a; = /3: I I3- and eigenfunctions 

X (x) = n cos /3nx + hL sin /Jnx 
11 fin L L 

for n = 1, 2, 3, • • -, with {/Jn } being the posilive roots of the equation tan x = -.xlhL. 
The solution of r; = -k}.,,.T,, is then 

T. (1) = ex+ /Jbkt} 
so the resulting formal series solution is 

u(x, t) = I, c11 exp( - /3;:r )(/3" cos /3,.x + hLsin /311x )· 
n=l l L L L 

The coefficients in the eigenfunction expansion are given by 

f L f (x) /3
11 

cos /J,,x +hlsin /3.x dx 
0 L L 

c,, = L 2 • L ( /J. cos /J't + hLsin pt) dx 

The evaluation of the denominator integral here is elementary, but there seems little point 
in carrying it out explicitly. 

6. The substjtution u(x,t) = X (x)T(t) yields the separated equations 

X" + clX = O and T' = - kJ,.T 
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with separation constant l =a2
. In Problem 5 of Section 10.1 we saw that the Sturm­

Liouville problem 

X" + clx = 0, hX(O) - X'(O) = hX(L) + X'(L) = 0 

has eigenvalues An = a: = ff; I L2 and eigenfunctions 

X (x) = /3 cos /3nx + hLsin /3nx 
" " L L 

for n = 1, 2, 3, · • •, with {/Jn} being the positive roots of the equation 

2hLx 

The solution of r: = -k?..nT,, is then 

T., (I) = exp( -
13
{:'} 

so the resulting formal series solution is 

u(x,t) = I,cn exp( - 13:;t J(/3,, cos /3,,x +hLsin /3,,x )-
n=I l L L L 

The coefficients in the eigenfunction expansion are given by 

f
0

L f(x) /3,, cosPf-+hLsin Pf- dx 

en = 
f}.cos /3t +hLsin pt J dx 

7. The boundary value problem here is 

u.u+un, = 0 (O<x<l, y>O) 

u_.(0,y)= u(l,y)+u"(l,t) = 0, 

u(x, 0) = I 00. 

The substitution u(x, y) = X (x)Y(y) yields the separated equations 

X" + clX = 0 and f" - clY = 0 

with separation constant A= a 2
. In Problem 3 of Section 10.1 we saw (taking h = L = 

I) that the Sturm-Liou ville problem 

X" + clX = 0, X'(O) = X(l) + X'(l) = 0 
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with separation constant ,l = a 2
. In Problem 5 of Section 10.1 we saw that the Sturm­

Liouville problem 

X" +<ix= o, hX(O) - X'(O) = hX(L) + X'(L) = 0 

has eigenvalues A.11 = a ; = ff; I L2 and eigenfunctions 

X (x) = /3 cos /3nx + hLsin /3,,x 
II " L L 

for n = 1, 2, 3, • • •, with {/311 } being the positive roots of the equation 

2hLx 

The solution of r; = -k},,111',, is then 

T.(t) = exp(-/JJ;'} 

so the resulting fonnal series solution is 

u(x,t) ::: I, c,. exp(- /3::r X/3
11 

cos /3nx + hLsin /3,,x ) · 
,,=1 L L L 

The coefficients in the eigenfunction expansion are given by 

f L f(x) /3n cos Pnx +hLsin /3,,x dx 
o L L en = .::-::.---'.._ _______ -L.._ f ( /3. cos /Jt + hLsin pt J dx 

7. The boundary value problem here is 

Uu + Un, = 0 (0 < X < 1, y > 0) 

u., (0,y)= u(l,y)+u.,(l,t) = 0, 

u(x,O) = 100. 

The substitution u(x , y) = X (x)Y(y) yields the separated equations 

X'' + d!X = 0 and Y" - «Y = 0 

with separation constant )., =a2
. In Problem 3 of Section 10.1 we saw (taking h = L = 

1) that the Stunn-Liouville problem 

X" + ciX = 0, X'(O) = X(l ) + X'(l ) = 0 



has eigenvalues A,, = a: and eigenfunctions 

for n = 1, 2, 3, · · ·, with {a,,) being the positive roots of the equation tan x = I Ix. 

The bounded solution of Y;-a::r,. = 0 is then 

so the resulting formal series solution is 
.. 

u(x,y) = I,c,, cosa,,xexp(-any). 
n=I 

The coefficients in the eigenfunction expansion are given by 

[
100 • ]' 

C n = r I 00 cos a,,x dx = ----=:a_-,,_s_m_a_,._x.:a.:,..D -- = __ 2_o_o_s_in_a_;.n._,_ 

JO
L cos2 anxdx [ l ( 1 ]]' an +sin a. cos a,, 

2 x+ Za,, sin 2a,,x 
0 

so 
~ sin an cosa,,xexp(-a.y) 

u(x, y) = 200 k . · 
n.:I a,, + SIIl a,, COS ct,, 

The first five positive solutions of tan x = 1/x are 0.8603, 3.4256, 7.4373, 9.5293, and 
12.6453, and we find that 

u(l;l) = 30.8755+0.4737+0.0074+0.0002+0.0000+··· = 31.4°C. 

8. With m = 0 the boundary value problem in Example 2 is 

u11 = a 2u:r.x (0 < x < L, t > 0), 

u(O,t) = u-~(L,t) = 0, 

u1(x,O) = 0, 

u(x,O) = bx. 

The substitution u(x,t) = X(x)T(t) gives the separated equations 

and the eigenfunctions of the eigenvalue problem 

Section 10.2 429 



9. 

X' +AX = 0, X(O) = X'(L) = O 
are of the form 

X ( ) 
. mrx 

x = sm--
n 2L 

with n odd, with corresponding eigenvalue A,, = n 2n 2 I 4£!. This leads readily to the 
solution 

~ . nrcx mrat 
u(x,t) = £..i en sm--cos--, 

nodd 2L 2L 

where en is the odd half-multiple sine coefficient (of Problem 21 in Section 9.3) given 
by 

I
L . (2n-l)n 

2 . (2n-J)1l'x 8bLsm 8bL(-])n+I 
c = - bxsm----dx = 2 = -----'---. 2

n-l L L (2n-1)2n 2 (2n-l)21r2 

0 

(a) With A= 0, the endpoint-value problem in (19) is X' = 0, X (0) = X'(O) = 0, 

which has only the trivial solution X (x) = 0. Thus A= 0 is not an eigenvalue. 

(b} With 1 = -a2 < 0, the endpoint-value problem in (19) is 

X' -a2X = 0, 

The differential equation and the left-endpoint condition here give X (x) = sinhax, and 
substitution in the right-endpoint condition gives 

-ma2 sinhaL = AoacoshaL, that is, tanhaL =-!:___ 
aL 

with k = Ao LI m > 0. But the graph y = tanhx lies (aside from the origin) in the first 
and third quadrants, while the graph y = -k Ix lies interior to the second and fourth 
quadrants. Hence the two cannot intersect, and it follows that there cannot be an 
eigenvalue of the a,;sumed fonn J., = -a2 < 0,. 

10. (a) With 8 = 7.75 gm/cm3 and E = 2·1012 in Equation (16), the speed of sound in 
steel is 

a = Jf "" 5.08 x 105 cm/sec "" 11364 mph. 

(b) With o = I gm/cm3 and K = 2.25· 1010 in Equation (16), the speed of sound in 
water is 

a = Jf = 1.50 x 105 cm/sec "" 3355 mph. 
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11. (a) 

(b) a = JrRTK = J.4x8314(273+Tcl = l.4X83I4X273(1+ Tc ) 
mu 29 29 213 

= 331.02✓1 + Tc m = 740.47 Ji+ Tc miles 
273 sec 273 hour 

= 740.47[1+ ~(;
3 

)+···] = 740.47+1.356T, 

12. The boundary value problem is 

Uu = a2uu (0 < X < L, t > 0) 

u(O, t) = ku(L, t) + AE u,r(L, t) = 0 

u(x, 0) = f(x), 

u,(x, 0) = 0. 

Starting with the general solution 

X(x) = A cos ax+ B sin ax 

of X" + d!x = 0, the condition X(O) = 0 gives A = 0, so 

X(x) = sin ax, X'(x) = a cos ax. 

Then the condition kX(L) + AEX'(L) = 0 yields 

ksin aL+AEacos aL = 0, 

which is equivalent to the equation 

AEx 
tanx = ---

kL 

with x = aL, a = xi L. If {/Jn} are the positive roots of this equation, then the nth 

eigenvalue is il,1 = a/ = (/3nl Li with associated eigenfunction 

. {3 X = sm-n __ 
L 

The associated function of t is 
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f3 at . f3 at 
T(t) = ..1 cos-11 -+B sm-" -" ,--,,, L n L ' 

but the condition T'(O) = 0 yields Bn = 0. Hence we obtain a solution of the form 

u(x,t) = fen sin /3,.x cos /3nat. 
n=l L L 

15. 

16. When we substitute v(r, t) = ru,.(r, t) we get the boundary value problem 

v, = kv,, 

v(O, t) = v(a, t) - av,(a, t) = 0 

v(r, 0) = r f(r). 

Then v(r, t) = R(r)T(t) yields the equations 

R" + AR = 0, T' = -AkT. 

If Ao = 0 then R(r) = Ar+ B. The condition R(O) = 0 gives B = 0, and R(r) = 
Ar satisfies the condition R(a) - aR'(a) = 0. Thus Ao = 0 is an eigenvalue with 
eigenfunction 

Ro(r) = r; To(t) = 1. 

If A = cc > 0 then 

R(r) = A cos ar + B sin ar 

and R(O) = 0 gives A = 0, so 

R(r) = sin ar, R'(r) = a cos ar. 
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The condition R(a) = aR'(a) yields sin aa = aa cos aa, that is, 

tanx = x 

where x = aa. If {,Bn} are the roots of this equation, then An = (,8nla)2 1s an 

eigenvalue with associated eigenfunction 

and 

We therefore obtain a solution of the form 

The coefficient formulas given in the textbook follow immediately from Problem 14 in 
Section 10.1, and finally we obtain u(r, t) upon division of v(r, t) by r. 

18. The only difference from Example 3 in the text is that the solution of Equation (37) with 
2 2 2 

T'(O) • T ) • n n: a t 
n = 0 IS n (t = Sin 2 L 

19. With the given initial velocity function g(x) with constant value P !2pe concentrated 
in the interval LI 2 - e < x < L 12 + E, the coefficient formula of Problem 18 gives 

C = n 

= 

2L JL/
2
+£ p . nlrX 

2 2 2 --sm--dx 
n n: a u 2-E 2pe L 

Lip [cos ( nn: - nn:E )-cos ( me + n'TCE )il = 
n3n:3 

a
2 pe l 2 L l 2 L ~ 

2L2 P . mr . nn:e 
3 3 2 

sm-sm--. 
n·ir·a pe 2 L 

This gives the e-dependent solution 

2L2p .. 1 2 2 2 ~ . me . nn:e . n 7r a t . nlrx 
y(x,t,e) = 

3 2 .L.J-, sm-sm--sm 2 sm--. 
tc a pe n"'i n· 2 L L L 

Because 

.-£..sin~= sin(mre/ L) ~ 1 
n7r:E L n1Ce IL 

as E ~ 0, 

the limit y(x,t) = lim y(x,t,e) has the expansion 
c➔O 

2LP ~ 1 . nrr . n2n:2a 2t . nirx 
y(x,t) = 2 2 .L,,,J-2 sm-sm 2 sm--. 

7r a p n=J n 2 L L 
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