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Chapter 1
1.1 0.211 MJ, 231 kW, 15.0 m/sec
1.3 1.00 Btu, 0.88 ft3, 120 hp
1.5 8.08 slugs, 117.9 kg, 1.93 m
1.7 29.1 ft/sec2

1.9 μslug
1.11 psec
1.13 4.85 Pa
1.15 d/fmfp = 413, yes
1.17 5.1 years
1.19 2.31 · 108 molecules
1.21 ρw/ρa = 904
1.23 CH4: 0.71 lb, He: 0.18 lb
1.25 241 kPa
1.27 28.96 slug/slug-mole
1.29 519.6 J/(kg·K), 0.3% larger than the tabulated value
1.31 2770 ft·lb/(slug·oR)
1.33 CO2: 1.52, He: 0.14, H2: 0.07, CH4: 0.55, N2: 0.97, O2: 1.10
1.35 SG = 1.014
1.37 Air: 0.0753 lb/ft3, Water: 62.4 lb/ft3
1.39 cv = R/(γ − 1), cp = γR/(γ − 1)
1.41 (a) 13.0 kPa, (b) 51o C
1.43 0.27 atm
1.45 (a) 2.36 m, (b) 41.9o C
1.47 He: 0.0005 MPa, Hg: 143 MPa, H2O: 10.8 MPa
1.49 Air: 0.049 atm, Ether: 302 atm, Glycerin: 2228 atm
1.51 ∆ρ/ρ = 0.228
1.53 −0.02 liter
1.55 (a) τ = [n(p+ 3040pa)]−1, (b) n = 7.00
1.57 σ = 0.0045 lb/ft and T = 140o F
1.59 Da/Dw = 1.24 (24% larger in air)
1.61 ∆pHg/∆pH2O = 4.26
1.63 ∆h = −0.082 in
1.65 ∆h = 5σ cosφ/(2ρgd)
1.67 (a) ∆h = 2σ/(ρgr) + (pa − pb)/(ρg), (b) pb/pa = 3



1.69 ∆h2/∆h1 = 0.856
1.71 η(x) =

�
σ/(ρg) cotφe−

√
ρg/σ x, h =

�
σ/(ρg) cotφ

1.73 (a) pa + 1
4
ρgs

(b) Atmospheric pressure from above, −pas2, Pressure from below, pas2 + 1
4
ρgs3

Weight of the Cube, −1
2
ρgs3, Surface-tension force, 4σs

(c) s = 4
�
σ/(ρg)

1.75 (a) τw = μUe/δ (b) τw = πμUe/(2δ) (c) τw = 3μUe/(2δ)
1.77 μr = 2.12 · 10−7, ω = 0.65
1.79 Water: dν/dT < 0, Air: dν/dT > 0
1.81 (a) μe = 0.12/(du/dy)1/3 (b) μe/μw ≈ 120/(du/dy)1/3
1.83 u = 1

2
U , 1

2u
2 = 1

6
U2

1.85 (a) μ = 7.50 · 10−4 slug/(ft·sec) (b) ρmax = 1.80 slug/ft3
1.87 (a) μ = mμ/3
1.89 dU/dt = g − 2πrfμgU/[W (R− r)], U→W (R− r)/(2πrfμ)

Water: 230 ft/sec (not valid), SAE 10W Oil: 6.48 ft/sec (valid),
Glycerin: 0.154 ft/sec (valid)

1.91 μ =MAd/(πLUD) = 9.66 · 10−4 kg/(m·sec)
1.93 Reh = 0.03, Couette flow is valid
1.95 (M +m)dU/dt+ μAU/h = mg, U→ mgh/(μA)
1.97 dU/dt = g sinα− μU/(ρhs), U→ ρghs sinα/μ = 37.6 ft/sec
1.99 (M1 +M2)dU/dt = (

√
3M1 −M2)g/2− μ(s21/h1 + s

2
2/h2)U

1.101 (a) Q = π(p1 − p2)R4/(8μL) (b) 0.94 sec
1.103 (a) um = 1.58 ft/sec (b) ReR = 1121 (c) F = −4.53 · 10−3 lb
1.105 cf = 4/ReR
1.107 1

2
u2 = 1

6
u2m

Chapter 2
2.9 [k] =ML/(T 3Θ)
2.11 [f] = L
2.13 Uhull = 2.43

√
Lw

2.15 C is dimensionless
2.17 [χ] = L1/3/T
2.27 um = constant ·R2(dp/dx)/μ
2.29 νt = constant · k/ω
2.31 η = constant · (ν3/6)1/4
2.33 um(x) = constant ·

�
J/x

2.35 c = constant ·
�
σ/(ρλ)

2.37 Mo = gμ4/(ρσ3)
2.39 La = σρR/μ2

2.41 2: ∆h/
√
A, σ/(ρgA)



2.43 2: ρ1/3R/M1/3, ρ1/3M2/3g/σ

2.45 2: ρUD/μ, ρU2D/σ
2.47 2: e/(RT ), hν/(kT )
2.49 2: UR/ν, R/R
2.51 2: [ρcp/(gk)]2/3cp∆T , cpμ/k
2.53 ∆p = ρΩ2D2f(Q/[ΩD3])
2.55 2: Fμ2oσ2/ρ, μoσUL
2.57 2: D2(dp/dx)/(μU), ρUD/μ
2.59 T = ρΩ2d5 f(Q/[Ωd3])
2.61 3: F/(μUf), ρUf/μ, gf/U2
2.63 3: U/uτ , vw/uτ , ρuτks/μ
2.65 3: ∆p/(ωμ), f/D, c/D
2.67 3: ω2F/(ρU4), Ω/ω, ωL/U
2.69 3: ∆T/T∞, cpμ/k, U/

�
cpT∞

2.71 3: D/(μΩL), ρUL/μ, ΩL/U
2.73 3: Ω6F/(ρg4), ΩU/g, Ω2f/g
2.75 (a) 3 (b) F/(ρU2d2), Ωd/U , ρUd/μ (c) St = Ωd/U
2.77 4: ρUcD/μ, d/D, ρp/ρ, ρ2gD3/μ2

2.79 4: ω2P/(ρU5), U/a, ωD/U, ρUD/μ

2.81 4: ∆hd/d, Q/(Nd3), ν/(Nd2), g/(N2d)

2.83 4: Tw/T∞, cp/cv, U/a, a/
�
cpT∞

2.85 Um/Up = 6
2.87 (a) Um = 140 ft/sec (b) Mp = 0.188,Mm = 0.029
2.89 Lm = 3.30 ft, Um = 18.17 ft/sec
2.91 Um = 630 mph, pm = 3.95 atm
2.93 (b) Up = 55 ft/sec, Fp = 175 lb
2.95 (a) Um = 8000 mph (b) Tmax = 5380oR, model vaporized
2.97 (a) Um = 87.4 m/sec (b) Mm = 0.239
2.99 (b) Um = 84 knots
2.101 (a) 3: ρLF/μ2, t/L, ρUL/μ (b) Um = 1 m/sec (c) Fp = 5000 N/m
2.103 (a) R/(ρ gL3), U/

√
gL (b) Up = 15 knots, Rp = 93750 lb

2.105 (a) μhU/T, w/h, f/h (b) Um/Up = μp/μm
2.107 (a) F/(μUR), r/R, f/R (b) Um = 1

6
Up

2.109 (a) Uτ/h, Uh/ν (b) τm = 1 sec

Chapter 3
3.1 ρu = 2405 kg/m3

3.3 p = 195 kPa
3.5 ρ = 1252 kg/m3

3.7 p = [(α+ 1)pa +
6
7
ρagz]

7/6/[(α+ 1)pa]
1/6 − αpa

3.9 p = pa + 28ρgh



3.11 h = 8.17 m
3.13 450 m
3.15 p = 0.303 atm, T = −44o C
3.17 p = 2.44 psi, T = −69.7o F
3.19 Power = 256 hp
3.21 α = (γ − 1)g/(γR)
3.23 ρ̃ = 0.15ρ
3.25 W = 7865 lb
3.27 ∆z = 1.0 ft
3.29 (a) p1 − p2 = (ρ2h2 − ρ1h1 − ρHgλ)g (b) p1 − p2 = −8.9 kPa
3.31 ∆z = 1.14 m
3.33 pA = pa + 29.94ρgh
3.35 α = 39.9o
3.37 (a) h = (p1 − p2)/(g∆ρ) (b) hKerosene = 48.9 mm, hOil = 15.1 mm
3.41 I = 5πR4/2
3.43 H = 3h/2
3.45 hp = 11h/24
3.47 h = H/3
3.49 zcp(R)/zcp(0) = 17/10
3.51 Fh = (2− zcp/L)ρgzA (a) Fh = 33

32
πρgL3 (b) Fh = ρgL3

3.53 (1 + 6)(h/H)2(4− h/H) = 3
3.55 Fs = π

4
ρgR3

3.57 F = 141 tons, hcp = 8 ft
3.59 h = 2.18s
3.61 F = ρgh3(3i+ 4k), zcp = 2h/3
3.63 F = −2ρgh3(18i− 23k), zcp = 2h
3.65 F = 1.25ρgh3(2i+ πk), zcp = 2h/3
3.67 F = 3ρgH3(i+ k)
3.69 ρ2/ρ1 = 2, Fx = −ρ1gH3/6
3.71 F = −3.5ρgH3(i+ k)
3.73 (a) F = −ρgf3[3i+ (4 + π)k]

(b) zcp = 14f/9
(c) xcp = 10f/[3(4 + π)]

3.75 Fbuoy = 0.25ρgV
3.77 V = 1839 cm3, ρ = 2828 kg/m3
3.79 35 cm3
3.81 29% gold
3.83 f = 1.95L
3.85 T = 3.67 kN
3.87 F = 2ρgH3i
3.89 F = 1.437ρagh3, zcp = 0.696h
3.91 Weight = (1 + 3

4
π)ρgR2L, Force = 1

2
ρgR2L

3.93 F = (3/16)ρgD2w(2i− πk)
3.95 ρb = 0.42ρ



3.97 (a) FL = 16ρgh3 (to the right), FR = 16ρgh3 (to the left), T = 2ρgf3 (to the right)
(b) FS = 2

3
ρgh3 − ρgf3

3.99 (a) FL = 6ρgh3 (to the right), FR = 6ρgh3 (to the left), T = 3
2
ρgf3 (to the right)

(b) FS = 1
6
ρgh3 − 3

4
ρgf3

3.101 N = 4/3
3.103 ρb = 5

8
ρ

3.105 ρc = 5ρ
3.107 (a) FH = T − 5

8
ρgH3 (b) FH = − 49

120
ρgH3, T = 13

60
ρgH3 (c) λ = 14

Chapter 4
4.1 a = 0
4.3 Unsteady: ∂u/∂t = −τ−1[Uo − (x/τ)]e−t/τ

Convective: u∂u/∂x = −τ−1[Uo − (x/τ)]e−2t/τ
Total: a = −τ−1[Uo − (x/τ)](1 + e−t/τ )e−t/τ i

4.5 (a) a = (Ȧ+A2)(x i+ y j) (b) a = (Ȧ+2A2x)x2i−(Ȧ−2A2y)y2j
4.7 (a) a = (2U2x2/H4)(x i+ 3y j+ 6z k) (b) a = (U2/H2)(4x i+ 9y j+ z k)
4.9 a = 0
4.11 a = U̇ i+ λ−1(xU̇ + U2) j)
4.13 a = (U/H)2(x i+ y j)
4.15 (a) a = −Γ2/(4π2r3) er (b) a = −D2/(2π2r5) er
4.17 x = L[(1 + xo/L)eUt/L − 1], y = yoe−Ut/L
4.19 r = xoe2Ut/Ri+ yoe−2Ut/Rj
4.21 r =

�
r2o +Qt/π, θ = θo

4.23 r = ro, θ = θo + Ωt
4.25 (a) ω = 0 (b) ω = (duy/dx− dux/dy)k (c) ω = −(U/δ)e−y/δk
4.27 ω = 0 for all values of A
4.29 (a) and (b) ∇× u W= 0 =⇒ rotational
4.31 (a), (b) and (c) ω = 0
4.33 ω=(−z sin θer+3z cos θeθ+r sin θk)/r4
4.35 a = Uy/(2

√
πν t3/2) exp [−y2/(4νt)]i, ω = (U/√πνt) exp [−y2/(4νt)]k

4.37 Γ = 8ΩHL W= 0
4.41 Γ = −UL2/H
4.43 y2 − x2 = constant
4.45 y/x = constant
4.47 x2y = constant
4.49 r/ cos2 θ = constant
4.51 (r −R2/r) sin θ = constant
4.53 (a) y − k−1 sin [k(x− Ut)] = constant (b) y = (x− xo) cos(kxo)
4.55 ṁ = 8nρUmaxh

2/(n+ 1), ṁn=7/ṁn=1 = 7/4
4.57 ṁ = 2ρUA

4.59 Ṗz = −0.25ρU2h2



4.61 ṁ = 0
4.63 dNR/dt = −0.1 person/sec
4.65 6.0 ft/sec
4.67 dN/dt = −Ṅpop − nUA
4.69 dNtruck/dt = −0.2ρUA
4.71 dNc/dt = −dNg/dt− (UgAg + UcAc)/V

Chapter 5
5.1 (a) ur(r, θ, z) = f(θ, z)/r (b) uR(R, θ,φ) = g(θ,φ)/R2
5.3 ρ(x) = ρa(1 + x/xo)

−1, x = 3
2
xo

5.5 u(x, t) = uo − (ρa/ρ− 1)x/τ
5.7 No, Yes
5.9 Yes, Yes
5.11 Yes, No
5.13 Λ = −1, ω is arbitrary
5.15 v(x, y) = 1

2C(x
2 − y2) + constant

5.17 u(x, y) = −Dy/(x2 + y2) + constant
5.19 Yes, Yes
5.21 uθ(r, θ) = 3Ar2 cos θ + constant/r
5.23 p(x, y, z, t) = −ρgz + f(t)
5.25 p(x, y, z, t) = (ρUy/τ)e−t/τ + f(t)
5.27 (a) Yes (b) Yes (c) p(x, y) = pt − 1

2ρA
2(x2 + y2)

5.29 f1 = L2 − 2
5
Ω2L23/g, f2 = L2 +

1
10
Ω2L23/g

5.31 λ = 0.57
5.33 Ω = 2

√
gh/R

5.35 hmin = h− Ω2R2/(4g), hmax = h+ Ω2R2/(4g)
5.37 pmax = pa + ρgh cosα at z = 0
5.39 Ω has opposite sign for observers at the north and south poles
5.41 ho = h− af/(2g)
5.43 UP = 3 m/sec
5.45 pB − pC = 24 kPa
5.47 ∂u/∂t+ u ·∇u = −∇p/ρ−Ω×Ω× r− 2Ω×u− Ω2Ut i+ 2ΩU j, Not invariant
5.49 p− pa = 1

2
ρ(2gh− U2) = 37.57 kPa

5.51 pb = pa + 1.25ρgh = 2.21 atm, U = 21.0 m/sec
5.53 p2 − p1 = 0.25 psi
5.55 U = 3.58 ft/sec, ∆p = −1.07 · 10−4 psi
5.57 70 mph: pmax = 1.006 atm, 200 mph: pmax = 1.048 atm
5.59 pi − pa = 2ρgh− 1

2ρU
2
i = 367 psf

5.61 (a) U=
√
2gh1, pmin=pa−ρg(h1+h2) (b) U = 8.86 m/sec, pmin = 0.223 atm

5.63 d = D[1 + π2ρ2gD4(f− z)/(8ṁ2)]−1/4

5.65 pt = 1739 psf, U = 468 ft/sec
5.67 Qmin = 0.046 m3/sec



Chapter 6
6.1 Easy: n = i cosφ− j sinφ, u ·n = U ,$$

ρu(u ·n)dA = ρU2A cosφ,
$$
ρv(u ·n)dA = −ρU2A sinφ

Hard: n = i, u ·n = U cosφ,$$
ρu(u ·n)dA = ρU2A cosφ,

$$
ρv(u ·n)dA = −ρU2A sinφ

6.3 n1 = −i, n2 = 1
2

√
2(i+ j), n3 = 1

2(
√
3 i− j)

u1 ·n1 = −U1, u2 ·n2 = U2, u3 ·n3 = U3
u1 ·n1A1 = −9

4
πU1d

2, u2 ·n2A2 = πU2d
2, u3 ·n3 = 1

4
πU3d

2

F = (1.824 i− 0.312 j)πd2∆p
6.5 Inlet: A = 4h2, n = −i cosβ − j sinβ, u ·n = −U , u ·nA = −4h2U

Outlet: A = 4h2 cscβ, n = j, u ·n = U sin β, u ·nA = 4h2U
6.7 Inlet: n = −i, u ·n = −U , $$ ρu(u ·n)dA = −15ρU2H2,

$$
ρv(u ·n)dA = 0

Upper Outlet: n = j, u ·n = 4
3
U ,
$$
ρu(u ·n)dA = 0, $$ ρv(u ·n)dA = 40

3
ρU2H2

Lower Outlet: n = −j, u ·n = 5
9
U ,
$$
ρu(u ·n)dA = 0, $$ ρu(u ·n)dA = −25

9
ρU2H2

6.9 F = −1
2paAi i

6.11 α = (100− 225β)/64; for β = 3/5, fluid enters Outlet B with speed 35
64
U

6.13 dh/dt=−0.06U(d/D)2, the tank is emptying
6.15 U = 1.0 m/sec, u = 11.2 m/sec
6.17 Uv = 3U/16
6.19 U2 = 8U1/3
6.21 V = −6U
6.23 uavg = 1.04Uk for an observer on the sphere
6.25 Acs = A/10
6.27 D = 0.208H
6.29 dh/dt = −U/100
6.31 Ur = 1

2Ur/f

6.33 (b) pc = 80532 psf
6.35 z = 76.4d
6.37 β = 1

4
α

6.39 dM/dt = −2.95ρaVoroh
6.41 umax = 1.5Uo
6.43 p1 − p2 = 24

25
ρU2

6.45 (a) (U2 − U1)H = 2V h
(b) (U22 − U21 )− (hV 2/H) cosφ = (p1 − p2)/ρ
(c) U2 = U1(H + 4h)/(H − 4h)

6.47 U1 = 0.32U , (p4 − p1) = 0.035(p2 − pa) + 0.135ρU2
6.49 φ = sin−1(1/3) = 19.5o, ∆p = 0.707ρU2
6.51 F = 0.25πρ(Uj − U)2d2 i, |F| = 11.3 N
6.53 F = 0.18πρU2i d2 i
6.55 τ = 1

16
D, F = 1

2πρU
2D2 i



6.57 Solution 1: V = 0.25Ui, Uo = 0.625Ui, Fy = −0.027ρU2i A
Solution 2: V = 0.75Ui, Uo = −0.125Ui, Fy = −0.244ρU2i A

6.59 V = 4
3
U , ∆p = 4

9
ρU2, Rx = −2

9
ρU2A cosφ

6.61 ∆p = −0.48ρU2
6.63 φ = 18.4o
6.65 Ub = U/3
6.67 Uj = 4.36 Uo
6.69 Uo = 1

2Ui, Ry/Rx = 5/(2 + 5 cosφ)
6.71 R = −ṁ[(U1 + U2 cosβ) i− U2 sinβ j]
6.73 V = 4U , R = πρU2d2(

√
2 i+ j+ k)/

√
2

6.75 V = U , F = 1.1ρU2A[(16/55 + cosφ) i+ (2/11− sinφ)j]
6.77 F = 1.1πρU2d2 i
6.79 R = −0.54πρU2i A
6.81 ∆p = −0.44ρU2
6.83 R = 1.125πρU2D2 i
6.85 (a) V =

√
2gh (b) F = 1

2πρghd
2 i (c) h = 428d

6.87 F = ρU2A[(1 + 2.5 cosφ)i− (1− 2.5 sinφ) j]
6.89 F = 1

32
πρV 2D2(−3 i+ 2 j)

6.91 (a) v = 2U (b) U = 2
�
gh/3

6.93 ∆p = 0.079ρU21 , Bernoulli’s equation is not satisfied
6.95 Uj = 5U , ∆p1 = 12ρU2, ∆p2 = 12.18ρU2, F = 24.82ρU2A i
6.97 (a) Fwall = −ρU2H sinφ j (b) U1 = 1

2(H/h− cosφ)U , U2 = 1
2(H/h+ cosφ)U

(c) U1 = U2 as required by symmetry

6.99 (a) Mg = 1
4
πρW 2d2o(1− 4

3
gh/W 2 −

�
1− 2gh/W 2 cosφ) (b) Mg = 0.467 kN

6.101 (a) Mg = 1
4
πρW 2d2o(1 +

�
1− 2gh/W 2) (b) Mg = 6.18 kN

6.103 F = −1
4
πρU2(D2 − d2)(1 + sinφ) i

6.105 p1 − p2 = 17
15
ρU2∞

6.107 (a) Rx = −0.719πρU2D2 (b) Rx = −1.052πρU2D2 (46% larger)
6.109 K = 8

7
U

6.113 vmin = 2
3
U , Cp = −5

9

6.115 (a) dM/dt+ ρueA = 0, d(MU)/dt+ ρ(U − ue)ueA = −μsMg
(b) U(t) = uefn(Mo/M)− μsgt

6.117 M(t) =Mo exp(−
√
ρeAe Pt), Vs(t) = Vso

6.119 (a) dM/dt+ 1
4
πρued

2 = 0, d(MU)/dt+ ρe(U − ue)(14πued2) = −ρU2ACD

(c) U = 3.38 knots
6.121 (a) dm/dt = ρ(Uj − U)A, mdU/dt = ρ(Uj − U)2A− μmg

(b) mdU/dm = Uj − U (c) U(t) = 4
5
Uj

Chapter 7
7.1 (a) n = 1.22 (b) W = −2.544 · 106 J (c) Q = −1.145 · 106 J
7.3 T2 = 59.8

o C, Wc = 3.01 MJ



7.5 s = −Rfnp+ constant
7.7 τs = 1/(γp), smaller than the isothermal value by a factor of 1/γ

7.13 R = −4
5

�
ṁẆs i

7.15 P = ṁ[cv∆T + 3p/ρ− 15
2
ṁ2/(π2ρ2d4)]

7.17 u2 = 83.3 m/sec, T2 = 18.5o C
7.19 Tf = 19.5o C
7.21 Q̇ = 240 Btu/sec, No
7.23 α1 − α2 = 0.04
7.25 α = (n+ 1)3/(3n+ 1), α = 1.059, 1.045, 1.036 for n = 1

6
, 1
7
, 1
8

7.27 hp = 0.07U2/(2g)
7.29 (a) Laminar, f = 0.032 (b) Turbulent, f = 0.026 (c) ks/D ≈ 0.006
7.31 Glass: f = 0.0090, hL = 31.7 m

Wrought iron: f = 0.0137, hL = 48.3 m
Cast iron: f = 0.0199, hL = 70.1 m

7.33 u = 4.48 ft/sec
7.35 Laminar: hL = 0.38 in, Turbulent: hL = 6.23 in
7.37 (a) u =

�
2(ps − p)/[ρ(1− fL/D)] (b) u = ua/

�
1− fL/D (c) L/D = 3.02

7.39 U2 = 4U , hp = 9.5U2/g
7.41 2ghL/U2 = 2.2g∆z/U2 − 1.05 = 0.52
7.43 hp = 2∆z + 1.75U2/g = 12.42 m
7.45 hp = ∆z + 1600ṁ2/(π2ρ2gD4)

7.47 Ẇt = 0.815ṁgH
7.49 FrH = 1/3
7.51 Ẇt =

5
6
ṁgH = 8385 kW

7.53 h = 1.36d
7.55 Dh = (1− α)D
7.57 (a) f = 1.25gD/U2 − 0.012 (b) ks = 0.0002D
7.59 (a) D = 0.01056L/(2g∆z/U2 − 1) (b) D = 9.0 cm

(c) D = 0.01056L/(2g∆z/U2 − 1.3848), D = 9.1 cm
7.61 hL = 0.75u2/(2g)
7.63 U = 2

3

√
gL

7.65 ghL/U2 = 9044, 224, 28, 9
7.67 (b) u1 = 7.45 ft/sec, u2 = 6.72 ft/sec u3 = 5.64 ft/sec

(c) ReD1 = 1.15 · 105, ReD2 = 1.56 · 105 ReD3 = 1.74 · 105
7.69 ReD = 3.21 · 107
7.71 p1 − p2 = 1018 kPa
7.73 W = 2

√
gH

7.75 The company will earn 1 cent/kilowatt-hour and, if well managed, will be profitable.
7.77 Chézy-Manning: u = 8.73 ft/sec, Colebrook: u = 8.54 ft/sec
7.79 n = 0.033
7.81 Brickwork: Q = 46.1 m3/sec, Fr = 0.70 Stony: Q = 19.7 m3/sec, Fr = 0.30
7.83 Fr = 0.138
7.85 (b) A = y2, α = 45o
7.87 u = 2 ft/sec, y = 9.3 in



7.89 umin = 8.86 m/sec, udown = 17.72 m/sec
7.91 U∆t/f = 2Fr2/(1− Fr2), ∆t→∞ as Fr → 1
7.93 Fr1 = 0.042
7.95 yc = 4.82 ft, Sc = 0.0132, θc = 0.75o
7.97 Supercritical, E/Emin = 1.52
7.99 (a) u0 = y1

�
2g/(y0 + y1), u1 = y0

�
2g/(y0 + y1), Fr1 = y0

�
2g/[y1(y0 + y1)]

(b) Fr1 = 2.26 (c) y2 = 8.20 ft
7.101 y2 = 6.79 ft, Fr1 = 2.51, Fr2 = 0.46, u1 = 21.10 ft/sec, u2 = 6.84 ft/sec
7.103 y2 = 1.68 m, hL = 49 cm

Chapter 8
8.1 Air: U = 982 km/hr, Water: U = 4266 km/hr
8.3 (a) M = 1.16, transonic (b) M = 0.24, incompressible (c) M = 2.02, supersonic

(d) M = 0.95, transonic (e) M = 5.24, hypersonic
8.5 ULA = 919 ft/sec, UDenver = 903 ft/sec, Faster in Los Angeles
8.7 Ta = 51

o F
8.9 (a) γ = 1.343, 1.323, 1.290, 1.286 (b) T = 365o C
8.11 a/ao = 0.08, 0.06, 0.05
8.13 M = 0.029, 0.148, 0.298
8.15 Air: pt = 364 kPa, Tt = 136o C Methane: pt = 243 kPa, Tt = 81o C
8.17 Air: T = −416o F, Helium: T = −433o F
8.19 pt = 4.25 atm, U = 447 m/sec
8.21 pA/pB = 42.91, TA/TB = 2.927, TtA/TtB = 1
8.23 (a) M∞ = 0.288, ∆T/T∞ = −1.6% (b) M∞ = 0.576, ∆T/T∞ = −6.4%
8.25 (a) M = 0.571 (b) M = 0.958 (c) M = 0.257
8.27 (a) Helium (b) T = 28o C (c) p = 72 kPa
8.29 M = 3
8.31 (a) u2 = 887 m/sec (b) p2 = 474 kPa (c) p2 = 397 kPa
8.33 M1 =

√
13 = 3.6

8.35 Air: M2 = 0.475, Tt2 = 1540o R, p2 = 217 psi
He: M2 = 0.522, Tt2 = 2200o R, p2 = 231 psi

8.37 p2 = 79.0 kPa
8.39 M1 = 1.32
8.41 Air: M1 = 1.5, T1 = 0o C He: M1 = 1.55, T1 = −40o C
8.43 Air: pt = 1.49 atm CO2: pt = 1.46 atm
8.45 M2

1 = [1 +
1
2(γ − 1)M2

2 ]/[γM
2
2 − 1

2(γ − 1)]
8.47 M2 = 1.0000, 0.9474, 0.8888, 0.7483 Error = 0%, 0.6%, 2.5%, 11.1%
8.53 Athroat = 20 cm2
8.55 p∗/pt = 0.544
8.57 p∗/pt = 0.487
8.59 p2 = 308 kPa



8.61 Yes, because the nozzle is overexpanded
8.63 Me = 0.271
8.65 Me = 0.112
8.69 A/A∗ = 1

2 [2(2γ − 1)/(γ + 1)](γ+1)/[2(γ−1)]
A/A∗ →∞ for γ → 1, A/A∗ → 1 for γ →∞

8.71 M = 0.57 or M = 2.02
8.73 Cadillac: Error = −0.2% SST: Error = −80%
8.75 M1 = 3.53, Tt = 27o C, pt1 = 221 kPa
8.77 M3 = 0.22
8.79 (b) Us = 18906 ft/sec
8.81 (b) pt = 128 kPa, Me = 0.595 (c) F = 298 N
8.83 M2

2 = 1/M
2
1 , ρ2/ρ1 =M

2
1 , p2/p1 =M

2
1 , T2/T1 = 1

Chapter 9
9.1 (a) P = ṁΩf(we cosφ− Ωf) (b) we = 20 m/sec (c) φ = 60o
9.3 β2 = tan

−1[(r1/r2)2 tan β1]
9.5 (b) p2 − p1 = 306 kPa
9.9 Q = 4070 gal/min, Ẇp = 612 hp
9.11 (a) Q = 151.9 ft3/sec, Ẇp = 2.41 hp (b) α2 = 67.7o

9.13 Q = 29.45 ft3/sec, Ẇp = 855 hp
9.15 Q = 48.4 ft3/sec, Ẇp = 18.3 hp
9.17 β1 = 6.9o, β2 = 3.4

o

9.19 Water: hp = 5/6 ft, Air: hp = 691 ft, Helium: hp = 5005 ft
9.21 [Ñs] = L3/4/T 3/2, Ñs = 2733Ns
9.23 Qo < Q < 5Qo
9.25 Q∗ = 1960 gal/min, ηp = 0.81
9.27 (a) β2 = 127o, r2 = 5.00 in, b2 = 1.00 in
9.29 NPSH = (pa − pv)/(ρg)− 7

5
H

20o C: no cavitation
70o C: cavitation

9.31 Hmax = 8
11
(pa − pv)/(ρg)

9.33 CQ∗ = 0.0148, CH∗ = 0.151, CP∗ = 0.00254, ηp = 0.88, Ns = 0.50
9.35 Ωmin = 1549 rpm
9.37 CQ∗ = 0.200, CH∗ = 0.0789, CP∗ = 0.0208, ηp = 0.76, Ns = 3.0
9.39 η2 = 0.76
9.41 Ns = 0.084, Single-jet Pelton wheel
9.43 Ns = 1.49, Francis turbine
9.45 Ns = 4.22, Kaplan turbine
9.47 Ω = 135 rpm
9.49 (a) τmax = 9

8
ρQVjr at φ = 120o (b) τmax = ρQVjr at φ = 180o



Chapter 10
10.1 (c) Irrotational flow is isentropic, isentropic flow is irrotational
10.3 (c) dω̃/dt = ω̃ ·∇u where ω̃ ≡ ω/ρ
10.5 Γ = 1.106 · 105 ft2/sec, Ω = 11.7 rpm
10.7 U = 143 mph
10.9 Γa = U∆x
10.11 (a) Γ = −UL (b) Γ = −UL
10.13 τw = −μωw
10.15 δ = 3.2 mm
10.17 δ ≈ 3.2 in, tan−1(δ/x) = 0.6o
10.19 (a) ∂u/∂x ∼ 1

6
(uo/L)(x/L)

−5/6

(b) ∂u/∂y ∼ 1
6
uo

�
uo/(νL) (x/L)

−1/4

(c) (∂u/∂y)/(∂u/∂x)|x=L ∼
√
Re = 100, 316, 1000 for Re = 104, 105, 106

10.21 ρc = ρ[1 + U2CD/(2gs)] = 11.29 slug/ft3

10.25 200 km
10.27 Configuration (a): U = 49.4 ft/set, Configuration (b): U = 37.5 ft/sec
10.29 (a) 4.0 ft (b) Ω = mg/(πρUD) (c) Ω = 12.3 rpm

Chapter 11
11.1 ṁ = 0
11.3 Γ = 0
11.5 (a) [Q] = L2T−1 (b) [Γ] = L2T−1 (c) D = L3T−1
11.9 (a) u = −2By, v = −2Ax, Stagnation point at x = y = 0 (b) B = A
11.11 (a) ur = 3Qr2 cos 3θ, uθ = −3Qr2 sin 3θ, Stagnation point at r = 0 (b) Q = 1

4

(c) x = ±
�
(y2 + 4ψ/y)/3

11.13 φ = Arn cosnθ, F (z) = Azn
11.15 (a) φ = U(r +R2/r) cos θ, ψ = U(r −R2/r) sin θ, Flow past a cylinder of radius R

(b) F (z) = U(z+R2/z)−iΓ/(2π)fnz
11.17 y = ±2A√x+A2, A = constant
11.19 Stagnation point at x = y = 0, No
11.21 Stagnation point at x = y = 0, Yes
11.23 φ = U(x2 + y2 − 2z2)/(2h), Yes
11.25 φ = U(x cosα+ y sinα), ψ = U(y cosα− x sinα)
11.27 (a) ur = 2Sr sin 2θ, uθ = 2Sr cos 2θ (b) φ = Sr2 sin 2θ

(c) x = y = 0 (d) Plane at 45o to x axis
11.29 φ = Qrn(cosnθ − sinnθ)
11.31 φ = rn cosnθ
11.33 p = p∞ − 1

2ρQ
2/(2πr)2, rmin = 10.4 cm



11.35 p = p∞ − 1
2ρD2/(2πr)2, rmin = 1.75 ft

11.39 r = roeQθ/Γ, ro = e−2πψ/Γ
11.41 x = −Q/(2πU), y = Γ/(2πU)
11.43 The thickness is Q/U
11.45 (a) ψ = Ur sin θ −Qθ/(2π), φ = Ur cos θ −Qfnr/(2π)

(b) p=p∞+ 1
2ρ[UQ/(πx)−Q2/(2πx)2] (c) x = Q/(2πU)

11.47 (c) F = −ρQU i
11.49 (a) Q =

√
3(Γa −D/R)

11.51 F = [2(pi − p∞) + 5
3
ρU2]LR j

11.53 D = 8
3
ρU2R

11.55 sin θo =
�
2
3

11.57 (a) F = πρΩD2H[V sinα i− (U + V cosα) j]
(b) Fx = πρΩD2H

√
V 2 − U2 (c) Fx = 27 tons

11.61 (a) Cp = [1− 4 sin2 θ] sin2 ωt− 4St cos θ cosωt, where St ≡ ωR/Uo
(b) Cp = 1

2 [1− 4 sin2 θ]
11.63 (a) Cp = 1− 4 sin2 θ − 4(RU̇/U2) cos θ (b) L = 0, D = 2πρR2U̇
11.65 p = p∞ − ρQ̇θ/(2π)− ρQ2/(8π2r2)

11.67 (a) α = sin−1(0.5) = 30o (b) p1 − p2 = 1
2
ρU2 + 0.268ρRU̇

11.69 u(0, y)/U = 1.125,∞, 1.260, 1.033 at y/R = 0, 4, 6, 10
11.71 L = ρUΓa[1− Γa/(4πUh)], Lift will decrease due to the ground effect
11.73 CL = 1.10
11.75 2Tmax/c = 12.6%, Cmax/c = 3.0%
11.77 (b) C(x) = x tanα +γox(1− x/c)/(4U cosα)
11.79 (b) C(x) = x tanα+ γoc[3x/c− 1− 8(x/c− 1/2)3]/(48U cosα)
11.81 A=−1/(12∆x), B=2/(3∆x), C=0, D=−2/(3∆x), E=1/(12∆x)
11.83 φi,j = 1

2 [φi,j+1 + φi,j−1 + β2(φi+1,j + φi−1,j)]/(1 + β2)
11.85 φ∞ = 2.95049, 3.05901, 3.07902, 3051901 at j = 1, 5, 9, 13
11.87 Eh ≈ φh − φ2h
11.89 λopt = 0.99
11.91 (a) p = 0.90 (b) GCI = 1.96% (c) Richardson extrapolation: 0.45%

Chapter 12
12.1 fmfp = 1.5ν/a = 648

o
A

12.3 Kn = fmfp/y, Newtonian for y ( fmfp
12.5 (a) ψ(r, θ) = −1

2Ωr
2 + constant (b) Flow is rotational

12.7 ω = 0, [S] =
2U

L

⎡⎢⎣ 1 0 0
0 −1 0
0 0 0

⎤⎥⎦



12.9 (a) f(y) = Cy + vo, g(x) = Cx+ uo, (b) [S] = C

⎡⎢⎣ 0 1 0
1 0 0
0 0 0

⎤⎥⎦
12.11 ω = 0, [S] =

U

H

⎡⎢⎣ 1 0 0
0 1 0
0 0 −2

⎤⎥⎦

12.13 ω = −3U
a
k, [S] =

U

2a

⎡⎢⎣ 0 1 0
1 0 0
0 0 0

⎤⎥⎦

12.15 ω =
2Uz

L2
(−i+ j), [S] =

U

L2

⎡⎢⎣ 2x 0 −z
0 2y −x
−z −z −2(x+ y)

⎤⎥⎦

12.17 [S] =
3Ur2

a3

⎡⎢⎣ cos 4θ − sin 4θ 0
− sin 4θ − cos 4θ 0
0 0 0

⎤⎥⎦

12.19 [τ ] =
μU

L3

⎡⎢⎣ 6y2 (6xy + 5z2) 0
(6xy + 5z2) 0 (10xz − 6yz)

0 (10xz − 6yz) −6y2

⎤⎥⎦

∇ · [τ ] = 2μU

L3
(3x i+ 5x j− 3z k)

12.21 [τ ] =
μU

H2

⎡⎢⎣ 2y x 0
x −4y z

0 z 2y

⎤⎥⎦, ∇ · [τ ] = −2μU
H2

j

12.23 tr[τ ] = (2μ+ 3ζ)∇ ·u
12.25 u = 4Ay, v = −Ax
12.27 (a) τzz, ∇ ·u = K cos θ/r2

(b) τrr, ur = K cos θ/r + f I(θ)
(c) uθ = K sin θ/r − f(θ) + g(r)
(d) f II(θ) + rgI(r) + f(θ)− g(r) = 0
(e) f II(θ)− rgI(r) + f(θ)− g(r) = 0
(f) f(θ) = A cos θ +B sin θ + C, g(r) = C (A,B,C are constants)
(g) ur = (K/r)(1 + r/R) cos θ, uθ = (K/r)(1− r/R) sin θ

12.29 (b) The torque is negligible since p acts at the center of each side
and has zero moment arm as ∆x,∆y → 0

(c) The angular momentum is ≤ ρmax {∆x,∆y}max |u|→ 0 as ∆x,∆y → 0
(d) τxy = τyx

12.33 p = po − 1
2ρU

2(r/R)2[1− (r/R)2] + 1
2ρU

2(z/R)2[2− (z/R)2]− 10μUz/R2
p(0, 0) = po, Infinite pressure for r, |z|→∞



12.35 p(r) = p∞ − ρ(Q2 + Γ2)/(8π2r2), Negative pressure for r → 0
12.37 (b) νf II + f2 + 4νf = constant
12.39 (b) f(r) = Cr +D/r (C and D are constants)
12.41 (a) [H] = L2
12.45 NCFL = 1

2Re∆x
12.49 G = cos θ − iλ sin θ, where λ = U∆t/∆x and θ = κ∆x

Conditionally stable, ∆t ≤ ∆x/U
12.51 G = [1 + λe−iθ]/[1 + λeiθ], where λ = 1

2U∆t/∆x and θ = κ∆x
Neutrally stable for all ∆t

12.53 (a) N = 101: (ÑCFL)max = 1.053, N = 201: (ÑCFL)max = 1.025,
N = 401: (ÑCFL)max = 1.012

12.55 (b) F = −∂u/∂y (c) ∆tmax = 1
2(∆y)

2 (d) 654 channel heights

Chapter 13
13.1 ψ = 1

2
Uh[1− χ(1− 2

3
y/h)](y/h)2

13.3 ψ = 1
2
umR[1− 1

2
(r/R)2](r/R)

13.5 ψ = Uy erfc(η)+2U
�
νt/π (1− e−η2), η ≡ 1

2y/
√
νt

13.7 ω = 2umr/R
2eθ, [S] = −umr

R2

⎡⎢⎣ 0 0 1
0 0 0
1 0 0

⎤⎥⎦, [τ ] = −2μumr
R2

⎡⎢⎣ 0 0 1
0 0 0
1 0 0

⎤⎥⎦

13.9 [S] = −1
2
s(η, t)

⎡⎢⎣ 0 1 0
1 0 0
0 0 0

⎤⎥⎦, [τ ] = −μs(η, t)
⎡⎢⎣ 0 1 0
1 0 0
0 0 0

⎤⎥⎦
where s(η, t) ≡ uo

�
Ω/ν e−η sin(Ωt− η + π/4), η ≡ y

�
Ω/(2ν)

13.11 ṁ= 1
2
ρUh, Ṗ = 1

3
ρU2h, Ė= 1

8
ρU3h

13.13 y = (χ− 1)h/(2χ), χ = 3
13.17 (a) P = [6μUf2/(h0 − h1)2][fn(h0/h1)− 2(h0 − h1)/(h0 + h1)]

(b) F = [μUf/(h1 − h0)]fn(h1/h0)
(c) μeff = 4.125h1/f
(d) μeff/μsliding = 0.02

13.19 (um)max = 0.5 m/sec, fe = 7.2 m
13.21 12 cm
13.27 (a) u = ur = 0, uθ = ΩR at r = R and ∂u/∂r = 0, ur = uθ = 0 at r = 0

(b) ur(r) = 0
(c) u(r) = um[1− (r/R)2], uθ(r) = Ωr where um = −R2∂p/∂x/(4μ)
(d) p(x, r)− p(x, 0) = 1

2ρΩ
2r2



13.29 (a) ur = 0, uθ = ΩR at r = R and ur → 0, uθ → 0 as r →∞
(b) ur(r) = 0, uθ(r) = ΩR2/r
(c) Γ = 2πΩR2, uθ(r) = Γ/(2πr), Potential vortex

(d) p(r) = p∞ − 1
2ρΩ

2R4/r2, Ω <
�
2p∞/(ρR2)

13.31 (b) u(z) = U [1− e−λz cosλz], v(z) = Ue−λz sinλz, λ ≡
�
Ω/ν

13.33 (a) v(y, t) = vw
(b) ∂u/∂t+ v∂u/∂y = ν∂2u/∂y2

(c) v
�
t/ν = constant

(d) No similarity solution exists
13.37 (b) F (0) = 0, G(0) = 1, H(0) = 0, P (0) = 0, F (ζ)→ 0, G(ζ)→ 0 as ζ →∞
13.39 r = 1.62ro
13.43 Yes
13.45 Matrices [A] and [C] are diagonally dominant. Matrix [B] is not diagonally dominant.

13.47 x =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

1.0000
1.0423
1.1128
1.2113
1.0000

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
13.49 (a) φ(y) = (ey − e−y)/(e− e−1)

(b)

⎡⎢⎢⎢⎢⎢⎢⎣
1 0 0 0 0
1 −33/16 1 0 0
0 1 −33/16 1 0
0 0 1 −33/16 1
0 0 0 0 1

⎤⎥⎥⎥⎥⎥⎥⎦

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

φ1
φ2
φ3
φ4
φ5

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
=

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0
0
0
0
1

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭

(c) {φ} =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0
0.215114
0.443674
0.699963

1

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
and {φexact} =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0
0.214952
0.443409
0.699724

1

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
13.51 (c) No limit on ∆t

(d) 1.98 ≤ p ≤ 2.01
GCI ≤ 0.024%

13.53 (a) P (ζ) = −2F (ζ)− 1
2
H2(ζ)

(c) F (ζ) > 0
(d) 1.86 ≤ p ≤ 1.91
GCI ≤ 0.045%



Chapter 14
14.1 (a) ReL = 1.0 · 106 (b) ReL = 2.0 · 105
14.3 Air: U = 16.20 ft/sec, H2O: U = 1.08 ft/sec
14.5 δ = 103 mm
14.7 xtot = 296 ft (6.6% smaller)
14.9 (a) d2u/dη2 + (1 + 6)du/dη + 6u = 0

(b) uinner(η) = C(1− e−η)
(c) C = e

14.13 u(y) = U(1− e−vwy/ν), vw > 0
14.15 u∂ω/∂x+ v∂ω/∂y = ν∂2ω/∂y2

14.17 δ/x = 0.37Re−1/5x , cf = 0.0577Re−1/5x , D = 0.072ρU2bLRe−1/5L

14.19 (a) cf = 2ν/(Uδ), δ∗ = 1
2
δ, θ = 1

6
δ, H = 3.00

(b) δ = 3.46xRe−1/2x

14.21 (a) cf = 3ν/(Uδ), δ∗ = 3
8
δ, θ = 39

280
δ, H = 2.69

(b) δ = 4.64xRe−1/2x

14.23 (a) cf = 4ν/(Uδ), δ∗ = 3
10
δ, θ = 37

315
δ, H = 2.55

(b) δ = 5.84xRe−1/2x

14.25 (b) dδ/dx = (6 + 10βT )/Reδ
14.27 (a) F (K) = cfReθ − 2(2 +H)K

(c) θ = 0.671
�
νx/U , 1.1% larger than Blasius

14.33 θE = δ/4, δ = 4
�
νx/ue, 20% smaller than Blasius

14.35 δ = 10L
�
ν/(15Uox), cf = 3.87Re−1/2x , 6% smaller than the exact Falkner-Skan cf

14.37 x = 1 ft: δ = 0.21 in, cf = 2.37 · 10−3, x = 5 ft: δ = 0.48 in, cf = 1.06 · 10−3
14.39 ReL = 4.94 · 104, δ ≈ 0.27 in
14.43 (a) G(0) = 0, GI(η)→ 1 as η →∞, GI(η)→ U2/U1 as η → −∞

(b) d3g/dη3 + ηd2g/dη2 ≈ 0
g(0) = 0, gI(η)→ 0 as η →∞, gI(η)→ (U2 − U1)/U1 as η → −∞

(c) u(x, y) ≈ U1 − (U1 − U2) erfc
p
1
2
y
�
U1/{νx}

Q
14.45 fm = 0.01HReH = fe/6
14.49 ReL = 9.78 · 106, δ ≈ 3.2 in
14.51 (a) 11%, (b) 4.2%, (c) 4.7%, (d) 0.9%
14.53 (a) xt = 3.24 ft, ∆x = 0.64 ft, (cf )t = 0.00047, (cf )f = 0.00305

(b) xt = 2.16 in, ∆x = 0.68 in, (cf )t = 0.00094, (cf )f = 0.00395
14.55 CD = 0.144Re

−1/5
L , CD/CD = 3.42, 6.81, 13.60 for ReL = 105, 106, 107

14.57 Mooring Line: 110 Hz, audible, Piling: 2.2 Hz, not audible
14.59 (b) Rex = 2.8 · 107: hδ/δsl ≈ 14, Rex = 5.0 · 108: hδ/δsl ≈ 10
14.61 cf = 0.00251, which is 4.6% less than the Kármán-Schoenherr value
14.63 Copper: Umax = 1908 m/sec

Galvanized Iron: Umax = 11.4 m/sec
Concrete: Umax = 0.89 m/sec

14.65 uτ = 0.241 m/sec, k+s = 4519
14.67 f(0) = 0, f I(η)→ 1 as η →∞, f I(η)→ 0 as η → −∞, n(x) = U1x



14.69 τt ∝ y4 as y+ → 0
14.71 Smooth: cf = 0.00264, CD = 0.00330

Rough: cf = 0.00446, CD = 0.00573
cf is 69% larger, CD is 74% larger

14.73 (a) (ν + νt)du/dy − vwu = u2τ
(b) κ2y2(du/dy)2 = u2τ + vwu

14.75 (a) cf = 0.00250 (b) cf = 0.00642
14.81 (a) 2GII(0)Θ− 2(2 +∆∗/Θ)K ≈ 0.450− 6K, K = βΘ2

14.85 Baldwin-Barth model: The boundary layer separates
k-ω model: Computed cf is within 16% of measured cf
k-6 models: Computed cf is nearly triple measured cf at s = 17.833 ft

14.87 k-ω model: Computed cf is within 8% of measured cf
Spalart-Allmaras model: Computed cf is within 14% of measured cf
k-6 models: Computed cf is at least 48% larger than measured cf at s = 6.167 ft

14.89 (b) k-ω model: θsep = 83.1o, Boundary layer fails to separate
for all k-6 models and for the Spalart-Allmaras model

Chapter 15
15.3 (b) x→ −∞: u→ u1, h→ h1, ρ→ ρ1 and x→ +∞: u→ u2, h→ h2
15.7 (a) H(0) = 1, H(η)→ 0 as η →∞

(b) H(η) = erfc(
√
Pr η)

15.9 (b) a =
√
gh, γ = 2

15.11 Lmax = 1.89 m, Te = 17o C
15.13 f = 0.016, Me = 1.18
15.15 (a) L∗i = 125 cm (b) Yes
15.17 Me = 1.23, pe = 42.7 psi, Te = 600o F
15.19 f = 0.012, Me = 1.29
15.23 q = 13265 Btu/slug, pe = 13.4 psi
15.25 Air: q = 2.45 · 104 J/kg, Te = 415 K

H2: q = 6.50 · 106 J/kg, Te = 681 K
15.27 M = 0.5: q = 2.92 · 105 J/kg

M = 0.7: q = 4.76 · 105 J/kg
M = 0.9: q = 5.47 · 105 J/kg

15.29 q = −3543 Btu/slug, Me = 2.56
15.31 q = 9.28 · 105 J/kg, p∗ = 89.6 kPa
15.35 θ = 9.1o
15.37 pt2/pt1 = 0.9919
15.39 pA = 36.1 psi, pB = 241 psi
15.41 (a) M = 4.39, A/A∗ = 15.14

(b) M = 3.57, A/A∗ = 7.27
(c) M = 1.59, A/A∗ = 1.24

15.43 pt2 = 103 kPa



15.47 Air: p2/p1 = 16.33, He: p2/p1 = 21.51
15.49 M3 = 1.02, p3 = 727 kPa, βr = 42.8o

15.51 Φ = 27.1o

15.55 ν(M)→ 1
2π[
�
(γ + 1)/(γ − 1)− 1] as M →∞

CO2: Turn the flow 165o, Air: Turn the flow 130o, He: Turn the flow 90o

15.57 Forward: 19.5o, Rearward: 5.2o
15.59 M1 = 2.35, θ = 14.23o

15.61 M3 = 3.73, p3 = 0.74 atm
15.63 M3 = 1.75, p3 = 55 kPa
15.65 x/L = 2.66, y/L = 1.19
15.67 x/L = 3.38, y/L = 1.75
15.69 μ = 4.681 · 10−9T 0.7
15.73 CDf = 2.464/

√
ReL

ReL = 10
4: CDf/CDw = 0.122

ReL = 10
5: CDf/CDw = 0.039

ReL = 10
6: CDf/CDw = 0.012

15.75 (a) δo =
�
12Lwμex/(ρeue)

15.77 ũ/uτ = 26.51 sin([u∗/uτ ]/26.51) and the difference between ũ/uτ and u∗/uτ
increases from 2.6% to 9.8% as y+ increases from 10 to 500.

15.79 νa = λa∆x/2, Da = (4λ2 − 3λ− 1)a(∆x)2/6 where λ ≡ a∆t/∆x
15.81 νa = 0, Da = −(λ2 + 2)a(∆x)2/12 where λ ≡ a∆t/∆x
15.85 k-ω model: Computed cf is within 0.6% of measured cf

k-6 model: Computed cf is 67% larger than measured cf
Spalart-Allmaras model: Computed cf is within 1.2% of measured cf

15.87 k-ω model: Computed cf is within 3% of measured cf
k-6 model: Computed cf is twice measured cf
Spalart-Allmaras model: Computed cf is within 18% of measured cf
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