1) a) i)

100 bar
1 bar

w = v((100 — 1)x10%), with v = 1/997.0 m® for water at 25 °C and 1 bar.

The work input is given by w = v dp, where v can be taken as constant

w = 0.001003x99x10° = 9.93 k/ /kg

ii) Heater {stations [2] = [3]):
Q=h3—hy

At [3] the fluid must be saturated as it is a two-phase mixture, so using the saturated enthalpies at
100 bar,

h3 = 1407.9(1 — x) + (x)2725.5 = 2066.7 k} /kg
h; =1049 4993 = 114.8
(i.e. the value before the pump + the work done by the pump)
Q = 1952 kj/kg

iii) The throttle (stations [3] > [4]} is adiabatic and there is no work, so the enthalpy remains
constant.

h, = 2066.7 kJ kg

At 1 bar, this enthalpy is between the values for the saturated liquid and vapour, so temperature is
99.61 °C and state is two-phase. Dryness fraction from enthalpy:

hgy = 2066.7 = 417.5(1 — x) + (x)2674.9
x=0.731
The entropy is then
Sq = 1.303(1 — x) + (x)7.359 = 5.73 ki/kg/K

b)
i) Partial pressure of water:
Pw = Psatx.5 = 0.12352x0.5 = 0.06176

Hence wet air has 15.19 moles of air per mole of water.

Mwater _ 18

Mmay  15.19x29 _ 00409




ii)
The partial pressure of the water vapour is 0.06176 bar. From the saturation data in the
thermofluids data book

Psat Tsat
0.06 36.16
0.08 41.51

Interpolating

(0.06176 — 0.06)

Tyew = 36. 51— 36. =36.6°
ew = 36.16 + (41.51 — 36.16)x 008 —o05 = 366°C

c) i) Enthalpy of a perfect gas is a function of temperature only. Hence enthalpy of water vapour at
0.06176 bar and 50 °C is equal to that of saturated vapour at 50 °C:

Ruour = 2591.3 ki/kg

q = hairoutmair/mw + Awour — ha — hairmmair/mw
There is no change in air temperature, so there is no difference in its enthalpy. Hence
q = 2591.3 — 2066.7 = 525 ki/kg

Positive, hence heat must be added.




2)

D Heat
(2] (3] [5]

Work
Air, 1 kg s
—_—
[1]
(5]
ai)
r-1
TP =T(r) 7
T[sen -7
L h_ o g
Nisen
Tisen -T
Tz = Tl + ‘2__1
Necomp
0.4
298.15x(10)14 — 298.15
= 298.15 + =645K

0.8

ii} The compressor work must equal the work from the first turbine

M/mmp = Cp(TZ -T) = C’p(Ta - T4i$en)nturbine

{y-1)
(T, =T)=(T; —T; Lo Y Meurbine

{ r

(T, =T) \t r-1 _

m={1-—— = 3.88
T3 Meurbine

iii) The work out from the second turbine is

Weomp = €p(Ty — Ts'fsen)nturbine

Ty = T3+ (TF" — T3)eurbine
0.4
= 1200 + (1200x(1/3.38)ﬂ - 1200) x09 =853 K

Similarly the pressure ratio across the second turbine is 10/3.88, allowing T5 to be calculated



Ts = Ta + (T&" = Te)Neurbine
0.4
= 843 + (843x(10/3.88)ﬂ — 843) *09 =671K

W = CP(T4—T5) = 183 kW

b) i) The power potential added in the heater is

Eq = Ah—T,AS

T3
= Cp(T3 - Tz) T (Cp In (Tz))
= 371.7kW

i) The total loss in work potential is the sum of that from the turbines and the compressors. They are
adiabatic so

Ejoss = ToASirrer = ToAS
Where

AS = AScamp + ASl:t.n'bimzl + A"—r’.mrbimzz

AS = (Cp In (:1) — Rin (P1) +cpln (:3) —Rin (;) + ¢y in (:4) —Rin (::j))

AS = cpln (EEE) —Rin (ﬁﬂﬁ)
PN T Ty Py Py Py

AS ! (T T5) Rl (10 388)
= o\ T,) ~R"\388 10

AS = ¢, in(255 =1916] kg 1 K1
PHNT Ty g

Eposs = 298.15 * 191.6 = 57.1 kW

iii) Overall we expect the change in the availability of the air between the inlet and outlet to be

AB = Eq -W_E!oss

(note the minus signs are from taking the work and the loss as positive numbers despite work
leaving the system)



Thus, the difference between W + E,;; and the availability supplied in the heat is used to give the
alr leaving the system a positive availability. Another way to express this is to say that the air leaving
the second turbine is hot and thus itself has the potential to do work.

c) The heat capacity of the combustion gases has the same Cp and mass flow as the air, this means
that in the heat exchange process, the temperature difference between the hot gases and the cold
air remains constant in a counter current heat exchanger.

The irreversibility is the difference between the loss of availability of the combustion gases and the
gain in availability of the air (calculated previously). The temperature difference is constant so the
combustion gases cool from 1500 to 645+300.

E_Q combustiongas = €p(945 — 1500) — T, (c, In {2 )) = -419.3 kW (i.e. a loss)

Therefore the amount lost due to heat transfer across a finite temperature difference is 419.3-371.

7=47.6 kW



3}
a)

Consider a circular cylinder as shown, of length /. With
boundary conditions:- atr=ry, T=Ty, and atr=ry, T=
T,. The fluids is at Tf

) = =3 bldT
Q =-2nar =
. (21 Tz
Qf —dr=-2rnld | dT
r-l r T1

din (:—:) = 20lA(T, — T)

2nA

In (%)

Q= (M -T2)

So the thermal resistance per unit length is

In (%)

R==m

Or
n(124)

Ri= 2md,

A similar resistance can be written for the outer material

in ()

2rd

Rl =
The total resistance is then

1 r+t +t; 1 r+t
R, + R, = = 1 ( ) + ln( ) = 0.012257K W1
2 u . Rmbe 21'(3.2 n mn + tl 2“111 n




b)i) In the Reynolds analogy, the heat and momentum diffusivity are equal (Pr =1). The same random
movement of either particles in laminar flow or packets of fluid in turbulent flow results in the same
diffusion of heat and momentum. If the flow is turbulent in the pipe, the thermal and momentum
boundary layers will also be equivalent. This means the equations governing heat transfer and
momentum transfer end up being the same when non-dimensionalised and will have the same
boundary conditions and solutions. The temperature gradient (heat flux} and velocity gradient {shear
stress) at the wall are linked. When non dimensionalised this leads to the Stanton number being half
the friction factor (as in the data bock). The arguments made in the lectures about flow over a plate
apply equally well to flow in a pipe, and the analogy did not depend on the actual shape of the
velocity profile. For this particular case this analogy is easier to see as the Reynolds number is high
enough for the flow to be turbulent, so a thin boundary layer must exist at the wall. If the boundary
layer is thin, then a round tube wall can be analysed as flat plate. In this case the flow is fully
developed and the boundary layer thickness is constant, however as noted above the arguments in
the Reynolds analogy do not depend on shape or size of the velocity profile. There is no form drag.

iiyThe heat flow through the wall is the same as that into the fluid per unit length

. 1

Q= R (h—-T)= h2n‘r1(Tf - Tl)
tube

1 (h-T) _

=h
ZﬂrlRmbe (Tf = T‘l)

1 (10)

= = =-1;r—1
h = S ax10-2x0012257 52y _ 2107 wm K

Now calculate Stanton number and friction factor.

h 246.6

St = = = 0.
pVCp  1x100x1000 0.002497
Frem the Reynolds analogy
St = ! c
= f
Cf = 0.004994
The pressure drop per unit length is then
dP  2pCfV? 2pCfV?
_ e = 2t = 4994 Pam™?!

dz~  d d
[Note the data book gives Cf in terms of wall shear stress, so students may have to convert from
shear stress to pressure drop per unit length]

c) The Nusselt Number scales with Re®. Since the physical properties of the fluid and dimensions
remain unchanged.

Niyew - Repd,

Nugy  Rel®




0.8
lf"'ﬂrlevl.r Vnew

how V38
20 08
= | —— = —1p-1
Rosen (100) x249.7 = 68.9w m~1K

The pressure drop can be found from Stanton number, since we know how Nusselt number scales
with Reynolds number.

St = Nu _1C
" RePr 2 f

1
NugewReg g _2Z C frew

RenewNuald % Cfatd

0.8
RenewReoia  Clhew
08 —
RepewRegy  Clow

=C (100)0.2 = 0.0688
- fald 20 = V.

0.2
Regig

Claew = C'fouReT
new

_ 2pCfVZL _ 2x1x0.0683%202x1

ar d 2x10-2

= 275 Pam™!
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