Matteo Frongillo

I. Heat transfer

Symbology
Symbol  Quantity Unit
Ak Thermal conductivity W/(m - K)
q Heat flux W/m?
Q Heat flow W
a Heat transfer coefficient W/(m?-K)
a Thermal diffusivity m?/s
v Kinematic viscosity m?/s

1. Types of heat transfer
1.1 Heat conduction
Occurs with all materials when there is a temperature gradient.

Steady-state conduction (1st Fourier’s law):

. daT
1= G
Transient conduction (2nd Fourier’'s law 1D):
or _ A 0T
ot pep Ox2

1.2 Convective heat transfer
This occurs in moving fluids.

Newton'’s approach:

. Aflui
i=a(Ty—Tp) =20 (7 —T3)
dth
1.3 Radiation
Bodies with a temperature above 0 K emit thermal radiation.

’jradZE'U'(T4_T§o)

where ¢ is the Stefan-Boltzmann constant:
0=567-10"°% [3"]

m2K4%

2. Heat conduction and conductivity

2.1 Heat flux
q= —)\d—T = kAT = iAT
dz

Procedure:

5 Ty

q"/ dm:—A/dT:qu(Tl—Tg)

0 Ty

2.2 Heat flow
s AQ L _A
Q= E_qA_kAAT_ 6AAT

2.3 Thermal conduction £~ ! and Thermal conductivity

_ "5 1
ktotl :ZE = ktot = @
i=1

3. Heat conduction through a hollow cylinder

: dr dr
Q=2mt - T~ orryika
Zlnd
)\ n To
With multilayered walls:
- TO - Tn

Q =2rml- —

1 T
> L
— N\i  Ti1
=1

3.1 Thermal conductivity %

= \ 2mrolko(To — Th) \

1

o ((Gring)+ (Enz)+ 4 ()
kfl:?“oi(im I )
’ i=1 >\ Ti-1

?

ko =

3.2 Thin-walled pipe approximated as a flat wall

To — T )
05 ! ; A:27rl(ro+§)

Qr 5 5 1

Qv o+ Hn(1+2) ™ (142 ) (14 2)

4. Convective heat transfer
4.1 Reynolds number
It compares inertial to viscous forces.

Qr =\

Re < 2300: Laminar flow;
Re ~ 2300: Transition zone;
Re > 2300: Turbulent flow

Lchar
14

L
Re:pcﬂ:c

4.2 Prandtl number

It compares momentum diffusivity to thermal diffusivity.
Relates the relative thickness of the velocity and thermal
boundary layers.

v _ Ofuid _ n% A

n
Pr=— =—— ; a=— ; V=—
a Sth A PCp p
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4.3 Nusselt number

Measures convective heat transfer relative to pure conduction
across a boundary layer and the heat transfer coefficient a.

a - Lenar o Lchar

Nu = =
AfI ? )\ATchar

Nu- A

a =
Lchar

4.3.1 Forced convection
‘NuzoRem-Pr"‘

where cis a constant.

For laminar flow over a flat plate:

Nu=0.664-VRe - VPr

For a flow in the transition zone (Tz):

Nur, = \/ Nuzlam + Nuzturb

4.4 Grashof number

It compares buoyancy to viscous forces.
3

Gr = gﬁATL— ;

v2

g = 9.81 N/kg

5AT:p°°_p0 :%
poc Poo
pos — po L?

9=

Gr =

4.4.1 Natural convection

Peclet number

It compares advective to diffusive heat transport, i.e., the
strength of convection relative to thermal diffusion.

Pe = RePr
Rayleigh number

It combines buoyancy driving and thermal diffusion, and it
measures the intensity of natural convection.

Ra = GrPr
5. Heat exchanger
5.1 Energy balance
Q = 1hep, AV = CPAY
Q1= Q2
ﬁL1Cp1A191 = mQCPQA'ng < CP1A191 = CP2A192
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5.2 Average temperature difference

CPy ,CP; Cocurrent Counter current

- T T
CP =CP, T ATy | Tie

AT,
AT, =AT, \..\ T “:[
AT,

To

E AT,

A T

T2
/’/_' LET

Taa A

CPy>CPy T T T

ATy <ATy e B Mo | Ty,
—
—

/ Nw
—

T2 A

T T
CPy<CPy Tie Tie

— —
AT, > AT, \..\ T
 —

. -—
— o | T2w
A

— T
CPy=oe T T | Ta

/ T | Tew
—]

Toa A A T

AT, =0

il

5.2.1 Logarithmic mean temperature difference (LMTD)

AT, — ATy
ATy
ATy = [01,0 — 92,0 3 ATy = |91 — V2|

5.2.2 Mean temperature heat flow

Q = kAAT,,

5.2.3 Heat capacity rate ratio (Capacity ratio)
It measures the relative ability of stream 1 vs. stream 2 to carry
heat per kelvin:

CPi (V1,0 —V1,0) = CP2 (V2w — V2,a)

R — CP1 Y24 —V2a Al
YT CP T Ve —VY1. A

5.3 Co-current vs countercurrent flow heat exchanger

Q - kACOATm,CO = kAcountATm,count
Aco _ ATm,count
Acount ATm,CO

Aco _ Qeo ATm,count
= — . ,
Acount Qcount ATm,CO

if Q1 # Q2

II. The 2nd law of thermodynamics

6. Recap of the 1st law
6.1 Closed systems
qi2 + Wiz = U2 — U1

6.2 Open systems

1
Q12—|—w12:h2—h1—|—§(c%—c?)—i—g(zQ—zl)
1
wﬂg:/vderE(cgf

q12+/vdp+j12=h2—h1

&) +g(z2 —21) + jrz

ideal gas

Cp (TQ - T1)

7. The 2nd law
7.1 Statements

‘ Energy = Exergy + Anergy ‘

Processes | Reversible Irreversible

Exergy Conserved Reduced — Loss

Entropy Constant

Increases — Production

7.2 Entropy
Entropy S: extensive state variable [J/K]

Specific entropy s: intensive state variable [J/kgK]
Entropy flow S: entropy over time [W/K]

8. Entropy balance equation

8.1 Entropy balance terms
+ Heat transfer across the system boundary:
dQ
T
* Mass flow across the system boundary:

dSm =msdt ; Sm =ms
« Irreversible processes inside the system:

dSq =

dSi-- > 0 irreversible processes
Sirr(t) { dSirr =0  reversible processes
dSirr < 0 impossible

8.2 Entropy balance equation for closed systems

0
dS = dSq + dSm + dSirr

dS = 8¢q dt + Sipr dt = (% + 5) dt
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8.2.1 Closed system entropy flow balance equation

dS Z SQz + Szrr 3 Sirr > 0

For steady-state case:

Qi
'L'r‘r:_ZSQz— Z?ZO

8.2.2 Visual representation
el n o q,
Saq, . $q

v =

Qz '
S far =3 = S
Sq

System
8.3 Entropy balance equation for open systems
= Zmasa mesw + ZSQ + Sm (t)
8.3.1 Steady-state flow processes
Sirr‘ - mesu - Zmasa - ZSQ 2 0
8.3.2 Steady-state and adiabatic flow processes

Si'rr - mesw - Zmasa 2 0
w o

9. The thermal engine

o . .
L e Q+Qo+P=0
HE L .
e el
poMth = —— =1—"——
Q Q
. L Q Qo
irr — — i = —_ = = >
S ZSQ T 0
To 1
\Q/ _QO <Q +Szrr)
9.1 Carnot efficiency
0, ideal
-1 E _ TOS"M‘
Mh = T Q
Tt
Nth,max = nC(T TO) =1- ?O
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10. Entropy S as a state variable
dg+dj du+pdv dh—vdp
T T T
Tds=dq+dj = T (s2 — s1) = q12 + j12
2
General form: /Tds = q12 + J12

1

ds =

10.1 Reversible processes
10.1.1 Clausius entropy relation

Ogrev = T'ds <= 0Qrev = T°dS

10.1.2 Work W and heat @

Wp, rev :/Udp

Qrev :/TdS

10.2 Dissipation j as a state variable
10.2.1 Dissipation
Wi12 = Wpi2 + J12 <= Wp12 = W12 — J12
dgrev + dwy, rev = du
Tds=dq+T dsirr = dgrev + dj
2

/Tds = q12 + j12
1

10.2.2 For closed systems

du + p dv cdl’  R;dv
ds = =
’ T T Ty
szfsl:cvln&JrRilnv—2
T1 U1

10.2.3 Work change
All the works can be calculated with a temperature change:

2 2
s —c
qi2 + werz = ho — hy + = !

+ g (22 — 21)

Q12+/Udp+j12 =hy—hi1=c¢, (T2 —Th)

/Tds:q12+j12:/Tds—|—/vdp:h2—h1

‘Td8+vdp:h27h1<:>Td37pd’l):u27’ll1‘
Tds+vdp=dhTds— pdv=du

10.3 Reversible state changes with perfect gases
10.3.1 Open system

Q12 + j12 + Wp,rev = ho — I
2 2
/Tds—l—/vdp:cp(Tz—Tl)
1 1

10.3.2 Closed system

q12 +j12 + Wy, rev = U2 — UL
2 2

/Tdsf/pdv:CU(Tszﬂ

1 1

10.4 Polytropic state changes
Tds=dq+dj =du+pdv=dh—vdp
du+pdv=cydl+pdv ; dh—vdp=cp,dl —vdp

kiidT:—de

dw, = ¢, —

For the change in entropy of the polytropic state change:
n—kdTl
Cy —
n—11T

ds =
n—1 n—1
n-() =)
T V2 P1

S —81=cC ulnﬁ
2 l—vn_l T1

n#1

T V2 T P2
sa—81=coIN=+R;In==¢c,In=—-R;In=
2 1 v T1 i 1 D T1 i L

Compressor with dissipation: n > k
Turbine with dissipation: n < k&

11. Exergy and anergy
Exergy: useful part of energy that can be completely converted
into work under given ambient conditions.

Anergy: remaining part of energy that cannot be converted
into work under given ambient conditions.

e=-exr+an

11.1 Statements of the 2nd LT

I. In all irreversible processes exergy is converted into an-

ergy
II. Only in reversible processes exergy remains constant
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III. Itis impossible to convert anergy into exergy

11.2 Exergy
11.2.1 Exergy balance / Exergy loss
Ideal heat engine ) ) Real heat engine .
a H a §
T T T T
] N
K} . N ,
S EL sm
Te Te Te Te
— — —
Qr Se Q Sg
. . . . TA — TE . TB - TE
Er=S Eoa—Y |E. = -
iRt
. . Ta—Tg -
ErL =TgSimr =Tp———7+—
L E BTy Q

S = Y ties = Ytnasa - 380 20, dd = 19

11.2.2 Exergy of heat
TE

EQ:PTeU:(lf?)Q:nCQ

11.2.3 Exergy of material flows (without mixtures)

62 TE
e:hfthTE(sfsE)JrEJrngrq 17?

‘62—61:h2—h1—TE(82_31)‘

Perfect gases

e—cp (T—Ts—Toln =) + RTsIn £
Tr PE

Incompressible liquids (isobaric)

e=¢p (T—TEfTEIn%)

Isobaric for T' < T (cooling)

e:c,,(TE—T—TEInTTE)



Matteo Frongillo

III. Steady-state flow processes

12. Adiabatic working cycles
12.1 Compressor

IV. Thermodynamics cycles
12.1.1 1stlaw

14. Reversible cycle work

Thermodynamics Cheatsheet
V. Thermal systems with gas turbines
15. Turbine
Total cycle / sum of all sub-processes:
1
wi12 + q12 = ha — h1 + -

2
5 (c3—cf) +g(z2—21)

3 1 n
wt,reu:/vdp—l—/vdp—l—...—i—/vdpz?{vdp:Zwm
1 2 n =1

Ql!

1
w2 + qi2 = ¢p (To —T1) + 5 (Cg - cf) + g (22 —21)

|
L Fuel
Combustion chamber

v
|
2 @ 3
Shaft
Compressor H
M@ mx
Tu

P2+ Qi2=1m (wir2 + q12)

12.1.2 Isentropic compression efficiency factor
. isentropic work

~ real polytropic work

_ Zlhs _ }12,5 - hl
T AR

V/\

N Eower

U
1 Compressor Turbine 4\L
T Air

>

_ Spm (Tp,s —Th)  Tos—Th

Exhaust gas
|
P
@ Turbine e exhausted gas
= <1
ho — h1 Cp,m (T2 — Tl) T —T7 — To
Heat
h
12.2 Turbine 0 exenanger
12.2.1 1st law
1 14.1 Clockwise cycle
w12 + qi2 = he — h1 + 5 (C% — C%) +g (ZQ — Zl) p Wi T . Power balance: ) )
1 { e Q23+ Qa1+ Pc=0
| N
waz + 412 = & (T = Ti) 5 (S = 1) +g (2 = 21) R Wi 15.1 Joule process
P\ \ ' [N— Gz
Py = e <= — P12 = 1 |wiz| X S , ; _ P2 _ps
A P14
12.2.2 Isentropic turbine efficiency L
real polytropic work i 3 3 2] o —WC = Ga + Gu = q23 + qa1 = ¢p (T3 — T2 + Tt — Ta)
* = " isentropic work v : T, — T
P lwe| = ¢p (Ts — Ts) (1—T4_T1>
_Ah hy — ho T —T, Wi rev = Wp,23 + Wp,a1 < 0 3 2
BT AR T —ha. T - T |we,rev| = Igaa| = |q1z] T (p)kkl (l) kot
13. Adiabatic flow processes without work 14.2 Counterclockwise cycle Ts =T Po Q
P Wi,
13.1 Throttle / Expansion valve (isenthalpic k=1
p ( pic) Pheo : _wel _ T (1) F
; b2 /\t \\\ w, « 7 qa T2 ™
h1 = ha :jlzz—/vdp:—RiTm* 2 \ K t
1 b1 1 N 3 1
Y
13.2 Nozzle - K G
I 4 i
1 1 Wy
hg:h?:h2+§c§:h1+§cf g
Cco = Q(hl—hg)—f—C%

2
where b is the total enthalpy: 2° = h + %

Wi rev = Wp,12 + Wp,34 < 0

|wt,1"ev| = |Q23| - IQ41|

4/12
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VI. Thermal plants with steam turbines 18. Steam power stations 20.2 Outer coefficient of performance (COP)
16. Types of steam 18.1 Rankine cycle leap
1 2 3 4 ?b ar S s S . IS A A A ; Subsooling )
=1bar pgmar max max ubcooling s=
p=1b Ideal 3 Real 3 3 Lm e
p=1bar n
2B /_
4
2 2 Superheating
p=1bar 4
p=1bar Saturated . Toin Toin h
m Tmr o P e v s s s s
= = Boiling Llsj‘d 3 ; | QW | | Q |
- First Steam Bubble — L'qu‘g i . COPHP = = 5 =1 h * EHP
Liquid ﬂBoiIing Wet Sat/urated Superheated w2 = ha — h1 (pump) |wt34| = h3 — h4 (turbine) Py Py mee
Liquid Steam Steam Steam = Gas Go3 = hs — ho (bo”er) |q41| =hs — 1 (Condenser) COPyp
i egp > COPyp ; (gp= —"—
17. Boundary curves of the two phase region oump work EHP,C
Pa ¢ - (hs — ha) —(hz — h1) hs — h 20.3 Real inner COP
Pc Saturation Tieh = 3 4 2 1) . Be = 3 1 . eal inner
Curve hs — ha ' hs —has — Assumptions: ¢ = 0.5, AT, = 10K, AT, = 5K
18.1.1 Generator
Boiling . Vreq — AT,
Pg=mp-(hs—ha)-||m c = req <
Curve H APC ™ Doy — ATe) — (Vreq — AT2)
; - > VII. Heat pumps and Chillers ewp = (Hp - EHP,C
v "4 v .
171 st cabl :9' T-s and log p-h dlagri::s 21. Chillers / refrigerators (R)
’ eam tables 21.1 Inner coefficient of performance
v = (1 — I‘)’Ul + CL‘U” = ’U/ + x('U” - ’U/) 2 s =const.
Gout T =const.— 2s/ 2 R = |q41| = hl — h4 = EHP — ]_
h=(1—z)h +zh"” =h' +2Ah, s Q1= 3 wiz  ha —hi
T T
Ah, N cepo=—t8_ _ Te _ _
s= (o) s = o (S : Dl VA 1 Comot ere = Ty = Ay e !
17.1.1 Steam content % , 21.2 Outer coefficient of performa.nce (COoP)
o w12 = he — h1 (COompressor) hs = h4 (expansion valve) EER — COPp — Qin _ Qe _ Nmech - €R
= g23 = ha — hs (condenser) qa1 = h1 — h4 (evaporator) Poy Py
_ h—h  h-N 19.1 Isentropic efficiency (compressor) er>FEFER ; (r= EER
T = W — h - Ahv ns = h2,s — h,l <1 ER,C
oo , ha =hi = 21.3 Real inner COP
T = o _ (s—s )Ahv 20. Heat pumps (HP) Assumptions: ¢ = 0.5, AT, = 10K, AT, = 5K
20.1 Inner coefficient of performance
17.1.2 Subcooling / Condenser enthal
g ) py c _ |q23| _ heat _ hQ — h3 —c + 1 o 19req - ATe
hi = k' ([p,t, s]) — cpATsubcooling WP = s technical work  hs — hy " FRO = (Fenv — AT.) — (Vreq — ATe)
Qheating =m:- C;DATheating 1 Tc Te
Carnot: — = =Y - _= = 1 er =(Rr-€R,C
nc PO S T Ty~ AT RO+

17.2 Water pump
Pe-np=m-cp- AT

5/12
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VIII. Data interpolation and extrapolation
22. Interpolation

For any property X, with X € {v, h, s}, the general linear inter-
polation formula is:

X:X1—|— T — T

(X2 — X71)

X2 — X1
where z can be pressure, temperature, or another independent
variable.

22.1 Temperature interpolation at constant pressure

If the pressure is already available in the table, but the required
temperature lies between two tabulated temperatures ¢; and
Ys, then:

9 -9
v:v1+19271911 (v2 —v1)

_ ¥ —
h—h1+1927191 (hz hl)

. ¥ —
5—31+192_191 (s2 —s1)

22.2 Pressure interpolation at constant temperature
If the temperature is already available in the table, but the re-
quired pressure lies between two tabulated pressures p; and
p2, then:
pP—p1
P2 — p1

vV = Up; + (Vpy — Vpy)

pP—P1
h = hy, +m(hm = hp,)

pP—n
P2 —p1

5= 58p; + (8pa — Sp1)

22.3 Double interpolation in pressure and temperature

If both pressure and temperature are between table values,
first interpolate with respect to temperature at p; and p», then

interpolate with respect to pressure.
Let:p1<p<p2 ; th <9 < 9q

For any property X € {v, h, s}:

¥ —
Xp, = X11 + Ky (X12 — X11)
¥ —

Xy, = X Xoo — X
P2 21+192_191( 22 21)
pb—Dp
X:Xp1+p2_pll (Xps — Xp1)

22.4 Saturated steam values
For saturated steam properties at the top of the steam table,
the same pressure interpolation formula can be used:

X" = x/ + 2P (X3 — X7)
pr—p1 ~ 0
where:

XN e {’UN’ h,”75”}

23. Extrapolation
For any property X, with X € {v, h, s}:

T — T (X2_X1)

X=X+

T2 — T1
where z is outside the interval [z, z2].

23.1 Pressure extrapolation at constant temperature

If the required pressure is outside the tabulated pressure
range, use the two nearest available tabulated pressures. For
any property X € {v, h, s}:

!
P2 —Pp1
where p is outside the interval [p1, p2].

=Xp, + (sz - Xp1)

For the individual steam-table properties:

pP—P
V= Up, + Vpy — U
P1 pz—pl(m pl)
pP—n
h=hp, +-——— (hp, — h
P1 pg—pl(m Pl)
pP—Mn
8§ = Sp, + Sp, — S
P1 pg—p1(p2 Pl)

23.2 Temperature extrapolation at constant pressure
If the required temperature is outside the tabulated temper-
ature range, use the two nearest available temperatures. For
any property X € {v,h, s}:

9 — 91

X = Xi 45—y (X2 = X1)
For the individual properties:
v=v1+ 1;92113911 (v2 —v1)
h=hat 2L (b — )
5:51+1;92: 11 (s2 — s1)
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23.3 Saturated steam extrapolation
For saturated steam properties outside the tabulated pressure
range:

X' = X{/ + D—Dp1 (Xé/ 7X{,)
p2 —p1
where:

X// e {U” h// S//}
For example, using 25 bar and 50 bar to estimate the value at
100 bar:

X100 = 3X50 — 2X35
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A. T-s diagram
400005;3 })8 Ref :W.C.Reynolds: 'ljhemlmd namic properties in SI

epartment of Energy Engineering

. ey
hin [kJ/kg]. v in [m*3/kg]. p in [Bar]
J.H Knudsen. 17-11-03

380.00 M.J. Skovrup & H..

360.00
340.00
320.00
300.00
280.00:

260.00
240.00

oC]

[
3]
[\
=
o
=)

200.00
180.00:

Temperature

160.00:
140.00:
120.00:
100.00:

80.00
60.00
40.00
20.00

0.00

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
-1200  -600 0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200 7800 8400 9000 9600 10200 10800 11400
Entropy [J/(kg K)]
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Special state changes with perfect gases (without consideration of kinetic and potential energies)

Thermodynamics Cheatsheet

v = constant: Isochoric state change

p = constant: Isobaric state change

T = constant: Isothermal state change

Ideal gas
Therm. state equation
pV =nRT
R =8.314J/mol K
pV=mR;T
R
R; =
M;
p
=R T, -
bv i 14 R, T
R; = ¢p — co, n:c—p
Cy
R; K R;
cy = cp=——
YT k-1 P k-1

p T
Wp12 rev Wy125, =0 Vi=ve 123
2 T 2
P2
1 Gz + 1z
S L
Tz Ti P e T
P 1 !
S1 Ti i
Vi=Vo v 51 éz S
P1 P2 p
v = const.: — = — = — = const.
Ty Ts T
Wy 12 rev = 0 (d'U = 0)
P2 —p1
Wp12rev = ¥ (P2 —p1) = P

P T
S1 Sz Wpizrev = 0
p1=pz7 1 2 T2
T
n i
\WVQ :
I
I
Ti ;
I 4
2 Vo v S1 Sz
V1 v2 v
p=const.: — = — = — = const
T T T

Wy 12 rev = —P ('UQ - 'Ul) =—-R; (TQ - Tl)
wplQT‘eUZO (dp=0)

P T
51
Vi Py Vo P2
P 77 1w 1 2
pi2rev Ti=T,
Wy 12 rev .
Qo+ J12 == Wyp
P2 2
Ti=Tz
Sz
Vi Vo v Sy Sz S

T = const.: pj1wv1 = pvy = pv = const.

v2 p2 b2
Wy 12 rev = —P1 V1 ln: = p1v1 IH; =R, T lnp—l
1 1 1
| | |
w = w
p12rev v12rev LS] Lj/kg_\

1st LT closed system
q12 +wiz2 = uz —u1

Rev. volume change work:
2

Wy 12 rev = —/pdl}
1
Wy 12 = Wy 12rev + J12

Overall work:

W12 = Wy 12 + WW 12 + Wel 12

q12 + w12 = u2 — U1
Rev. SC:
W12 = Wy 12 rev = 0 (d'U = 0)

q12rev = U2 — Ul = Cp (T2 — T1)

q12 + w12 = u2 — U

Rev. SC:

W12 = Wy12rev = —p (V2 — V1)

q12rev = U2 —uy +p(v2 —v1) = ha — hy
q12rev = cp (To — T1)

qi2 +wiz =uz —u1 =cy (Tp —T1) =0
qi2 = —wi2
Rev. SC:

q12 rev = —Wy 12 rev

v2 p2 b2
q12rev = P1 V1 In— = —p1 V1 In—= = —RiT In=—=
U1 p1 p1

1st LT open system

q12 +wr12 = ha — h

Rev. pressure change work:

q12 +wr12 = ha — hy
Rev. SC:

q12 +wi12 = ha — hy

Rev. SC:

qi2+wir2 =h2 —hi1=¢, (To —T1)=0

qi2 = —w¢12

) Wi12 = Wp12rev = v (P2 — P1) Wi12 = Wpizrey =0 (dp =0) Rev. 5C:
Wp 12 rev = /vdp q12rev = h2 —h1 — v (p2 —p1) = u2 — w1 q12rev =h2 —h1 =c¢p (Tr — T1) q12 rev = prlgrj;; . "
Y Q12 rev = cv (T2 — T1) qi2rev =p1v1 In — = —prvi In—=—-R; T In—
v1 p1 p1
Technical work:
2
wtlgz/vdp-i-jm
1
2nd LT / entropy
. d dT T: dh dT T: dv R; dv v
dqu"‘dj ds= 2 =% = 59— 51 =cy In — ds = =28 :>52731:cp1n—2 dS:pi:%7:>$2—51:Rihl*2
s = T T T T T T T T v V1
d R;d
ds:du-l—pdv:dh—vdp dS:_Up:_ Zp:>52_51:_Ri1nZ£
T T T p P1
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Ideal gas s = constant: Isentropic state change n = constant: Polytropic state change
Therm. state change
v=konst., R
pV =nRT p T n=°;7=konst Polytrope: pv" = konst.
R 83147 K P T v @ o w n=0 " lIsobare: n=0, pv" = konst.
=8. /mo ; P 3 0 Isotherme: n=1, pv = konst.
pV =mR;T P 1 Wi ! 1 Isentrope: n=x, pv*= konst.
R 0 p=konst. 1 1 T=konst., .
R — Wy 12 ey 0 n=0 n=1 Isochore: n==, pv” = konst.
CO M. T, V2 A 0 | P2 | P2
‘ >~ P2 T=konst., n n
P P2 T T, . n=1 & n=_Pi___ P
pv=R;T, p= i 51=5» 2 ) o S=i,(1(ir:<st" x Y nPe_inle
R’L T Giz+ j12=0 Ve Py T
p v=konst., v s=konst,, s
Ri=cp—cy, K=— vi Ve v $1=% s n=e n=x
Cy 1 n-1 n—1
r -1 P p2\ n v1
R; Kk R; H K T3 p2\ ~ v )" n=const: pjo] =p2vy =const. = — = (= =|—
Cy = cp = —> s=const: pjvf =p2vy =const. = — =[—7 =(— ’ 1 2 :
b k—1" P k—1 T p1 V2 Ty p1 v2
-1
k—1 P1 U1 U1 n
v v — = —1| =
W12 rey = P11 V1 — 1| = ete. (replace) Wy12 = —— 1 ( ) 1| = etc. (replace, n # 1)
k—1 Vo n v2
-1
Kk—1 P11 v \"
P1v1 V1 = =n—= — — 1| = etc. 1 1
Wp12rev = KWy l2rev = K ﬁ |:(’U2) - 1:| = etc. (replace) Wplz =nWeiz =n n—1 |:(’U2) :| e (rep ace n# )
1st LT closed system
12 +wi2 = u2 —u1
q12 + w12 = u2 — U1 e qi2 +wiz = uz —u1 = ¢y (Ta — T1)
Isentropic means adiabatic (g2 = 0) and reversible (j12 = 0): R k—1
Rev. volume change work: Wig = Wy 12 = ﬁ (Ta —Th) =cy — (T —Th) =
2 W12 = Wyl2rev = U2 — U1 = Cy (T2 — T1)
w =— [ pdv P1 V1 v\t
v12rev o1 T m—1 — - — 1| = etc. (n + 1)
1 _ p1v v1 R p2\ * . n—1 Vo
. Wyl2rev = 71 — - = 71 - — 1| =etc.
Wy 12 = Wy 12 rev + J12 k= v2 k= P1 Rev. SC:
W12 = Wyl2rev
Overall work: n1
n—k n—~k p1v1 vy
W12 = Wy 12 + W 12 + Wep 12 q12rev:C/un_1(T2—T1):n_1 n—1 |:<112) _1:|etc' (n7#1)

1st LT open system

=hao—h

o b q12 + wi 12 2 1 q12 +wi12 = he —hy =cp (T — Th)

q12 t12 = h2 1 Isentropic means adiabatic (g2 = 0) and reversible (j12 = 0): _ o\ 11

Rev. pressure change work: W12 = Wpl12 =NWy12 =N 1 (—) —1| =etc. (n#1)
wt12:wp12rev:va127'ev:h27h1:Cp (T27T1) ne v2

Rev. SC:

o—1 r—1
p1 V1 v1 R; Ty p2\ *
o us | = AL (P2 —1| = ete. n R

n—1
n—=kK n—kK p1v1 U1
q12rev :Cvi(TZ*Tl): — — 1| =etc. (n;él)
n—1 k—1n-—1 v

2
Wp 12 rev :/Udp
1

Technical work:

2
W 12 :/vdp+j12

1
2nd LT / entropy

. d di n—~K Ts
ds:dQ+dJ ds = q+]:0:>32781:0 S2— 81 = ¢y In— (forn #1)
T T n—1 Ty
— T: T:
ds:du-l—pdv:dh vdp 32731:@ln—2+Ri1nv—2:cpln—27RilnI£
T T T v1 T p1
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B. Heat transfer: Mashing
Malt and water are mixed in a mash tank. Hot water flows through a
half-pipe coil and heats the mash to 80°C.

Data:
mmy = 100 kg my = 400 kg mygw = 0.4kg/s
Ym = 58°C Jw = 65°C Igw,a = 100°C
cpm = 3.57 cpw =42 [kJ/(kgK)]
Pr=4 vgw =2-107"m?/s Agw = 0.6 W /(mK)

D=1m
a; = 2000 W /(m2K)

prw = 1000 kg/m3
r; = 3bmm

As =30W/(mK)
6 =5mm

a)
Calculate the initial mixed temperature 9y, then the heat needed to
warm the mixture to 80°C.

mmem'@m + mWCpWﬁW

Imix = = 63.77°C

MmCpm + mw Cpw
Q = (Mmcpm + mwcpw ) (80 — Imix) = 33.05 M J

b)

Sketch Q over heating time. Since the mash gets warmer, the temper-
ature difference to the hot water gets smaller, therefore @ decreases.

At to, 9 rw,q is still 100°C, but 9 g, is higher than at ¢; because less
heat is transferred. The mash temperature is nearly constant over one
pass.

Q
- VHW, o
Q1 ’
\\ \ YHWw
Q2 80°C
t Al
t1 to

)

Attz, Q = 5kW. Design the heat-transfer area using the half-pipe Nus-
selt correlation and treat the half-pipe as a flat plate for k.

A= —00019m
2
v=""_4. 107" m?/s
P
v
v=— =0.21m/s
A
vL VT
Re= 22 = """ _ 115743 (]

L 2/3
Nu = 0.0214 (Reo‘g - 100) prot {1 + (%) } — 510.37

Nu - >\HW
o = =
L char Ty

Nu - )\HW

= 2785 W /(m*K)

_ 1 8 1
E = —+—+ =
a; As «
1
k= = 9T5W/(m*K)
S _ Q
Q=mgwepw Vaw,a —VaW,0) = YHW,0 = VHW,a — ————
MmHEwW Cpw
o Q.
YHW,w = 100°C — — =97°C
myewCpw
AT, — AT, 100 — 80) K — (97 — 80) K
AT, = b _ ) ( VK ssk
INAT, — INAT, n (100 80)
97—80
Q 2
= = 0.278
kAT, m

C. 2nd LT: Exergy of Thermal Energy Storages

Two identical tanks store the same heat amount, either in serial (T's 4 >
Tp > Ts p)orin parallel (Tp 4 = Tp,p), with homogeneous tank tem-
peratures.

Data:
Serial mode  Tg 4 =90°C Ts,p = 50°C
Parallel mode Tp 4 =70°C Tp,p =170°C
Ambience Tomb = 20°C = 293 K
Water cpw = 4200 J/(kgK) = 4.2kJ/(kgK)
a)

Calculate the specific energy content above T,,,;, per kg of water for
each tank in both cases.

‘ u = cp,w (T — Tamp)

ug A =42kJ/(kgK)-T0 K = 294kJ /kg
us,p =4.2kJ/(kgK) - 30 K = 126 kJ /kg

upa =upp=42kJ/(kgK)-50 K = 210 kJ/kg

b)
Calculate the specific entropy difference ss ; — sp,; between serial and
parallel operation for both tanks. Water is incompressible, therefore

Cy = Cp.
)
v1

90 + 273

70 + 273)

$s,i — Sp,i = cp,w IN

SS,A—SP,A:4.2kJ/(kgK)|n< 024k)]/ k)gK)
50 + 273

—spp = 4.2kJ/(kgK)In
85,8~ SP.B /(kgK) <7o+273

= —0.25kJ/(kgK)
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c)
Calculate the specific exergy difference eg ; — ep ; between serial and
parallel operation for both tanks.

es,i —epi =hsi—hpi— Tamp (55,i — spP,i)

Tamb (85,4 — sp,a) = 13.68kJ/kg
Tamb (ss,B — sp,B) = —10.75kJ /kg

es,Aa —epa=cpw (Ts,a—Tp,a) —
es,g —ep,g =cpw (Ts,B — Tp,B) —

es —ep = Aea + Aep = (13.68 — 10.75) kJ/kg = 2.93 kJ/kg

D. 2nd LT: Exergy Loss of Heat Transfer
Heat flow through a wall from system A to B for three temperature
pairs.

Data:
Q=100kW Tg = Tympy = 300K
i Tp=380K Tp = 360 K
ii T4 =380K Tg =340 K
iii Ty =360K T =340 K
a)

Formulate the exergy balance of the wall at steady state and derive the
exergy loss.

TA ~Tg T —Tr
EL_ZE“_Z’EW‘: . 9T,
. i Ta—Tp -
Ep =TSirr = Th ———
L EQirr E TaTs
b)
Calculate the exergy loss flow E, for all three cases.
: 380 — 360) K
Bra=300K . SO Z360 K o0~ aakw
380 K - 360 K
: 380 — 340) K
Bui =300k SO ZHOK 00w — o5 ew
380 K - 340 K
(360 — 340) K

Epr i = 300 K - S100 kW = 4.9 kW

360 K - 340 K

c)
Calculate the entropy production S, for each case.

Er = TeSirr = Sirr = —2
T
Sivrs = DOW _y rw/K
TTETU300K
9300 W
Sirrii = =31W/K
irr,it 300 K /
4900 W
Sirriii = =16.3W/K
irr,iit 300 K /
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E. Stationary flow processes: Compressed-Air Energy Storage
CAES stores electrical energy by compressing air into a cavern; a sepa-
rate turbine generates power during discharge.

Data:

Mgir = 7200kg/h =2kg/s Tas =579 K

p1 = ps = lbar p2 = p3 = pa = 10bar
T, =T3 =300 K Ty =Ty

Neomp = 1.5 Nezp = 1.3, k=14
Cp,air = 1.004 kJ/(kgK) Ryir =287 J/(kgK)
cp,stone = 1.5kJ/(kgK)

Assumptions: adiabatic compression/expansion with dissipation,
polytropic process, ideal thermal storage with T = Ty.

a, b)
Draw and comment the state points in the T, s-diagram.

(neomp—1)/ncomp
Ty =T (p—z) =300K -10°°/15 = 646 K
p1
T2 = T4
5 ("emp—l)/‘”emp
Ts =Ty (p—) =646 K - 0.1°%/13 = 380 K
P4

1 — 2 : polytropic compression, 2 — 3 : heat to storage
3 — 4 : heatfrom storage, 4 — 5: polytropic expansion

10

Hischorai
PYO&;SSW"‘%

100 bar(a)
BM/
i
;

charging
Process

800 -
700=

)
Calculate the technical work and power of the compressor.

wi,12 = ha — h1 = ¢p air (T2 — T1) = 347.4kJ /kg
Pia = wi2titair = 347.4kJ [kg - 2 kg/s = 694.8 kW

d)
Calculate the technical work and power of the turbine.

wioas = hs — ha = cp.air (Ts — Ty) = —267.1kJ kg
Pys = |we 45| Mair = 267.1kJ/kg - 2kg/s = 534.1 kW

e)
Calculate the isentropic efficiency of the compression.
Tos —T1 579K — 300K
ns,c = = = 0.806 [—]
Ty —T) 646 K — 300 K
f)

For 4000 kW h of mechanical energy, calculate the required thermal
storage energy.

P34 = mai'r‘cp,ai'r (T4 — T3) = 694.8 kW

Ee 4000 kWh

= T 7.489h
Pys  534.1kW

tys =

Qin = Psatys = 694.8 kW - 7.489 h = 5203 kWh = 1.87 - 10" kJ

g)

Calculate the required storage mass for stones/gravel.

Qtn

—— X = 36.03t
Cp,stoneAT

Qth = Mcp,stone AT = m =

h)

Calculate the necessary cave volume at p = 10 bar.

Mairtas RairT3
P

pV = mRasyT = V = = 4642.6 m>

i)
Calculate the roundtrip efficiency.
_ [wout| _ |we,as|  267.1kJ/kg

= = 0.769 = 76.9%
Win wt, 12 347.4 kJ/kq

NRT
)]
Choose whether to improve the compressor or turbine.

Improve the turbine: it increases the useful output directly, and for the
same stored heat and air mass this gives the strongest improvement
of delivered electricity and roundtrip efficiency.
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F. Gas/Steam Turbines: Micro Steam Turbine

High-pressure superheated steam is expanded from 15 bar to 2 bar in
a micro steam turbine instead of a throttling valve. Steam tables are
used for the property values; the T, s-graph is attached separately.

Data:
p3 = 15bar(a) pa = 2bar(a)
ths = 6t/h = 1.67kg/s 93 = 250°C
ns = 0.8 Nm = 0.9, ng = 0.96
P, =20kW np = 0.8, ¢p = 4.2kJ/(kgK)
T1 = 120.23°C hs = 2923.5kJ/kg
s3 =6.7099kJ/(kgK) h' =504.7, h" = 2706.3kJ/kg
s/ =1.5301 s =7.1268 [kJ/(kgK))
a)
Determine the temperature T, after the feedwater pump.
P,y = mscp AT M AT = P‘f,,pr]p
Np MmsCp
20 kW - 0.8

=122.5°C

Ty = Tt AT = 120.23°C
2=n Y 167 kg/s  4.2k7/(kgK)

b)
Calculate the steam content after the isentropic expansion.
S4s — S/ 83 — Sl
Tas = s — g = -
6.7099 — 1.5301
Ty = ————————— =0.926 = 92.6%

7.1268 — 1.5301

)
Calculate the enthalpy h4 after the polytropic expansion.
has = (1 — z40)h’ + zach" = 2542.3kJ /kg

_ hs — hg
" hs — has

hy = 2923.5 — 0.8 (2923.5 — 2542.3) = 2618.54 kJ /kg

Ns = ha4 = hg — s (h3 — has)

f)
Calculate the specific cycle work of the micro steam turbine.

w = wy — wp = (hg — hs) — (he — hy)
w = (h3 — h4) —Cp (T2 —Tl)
w = (2923.5 — 2618.54) — 4.2 (122.5 — 120.23) = 295.43 kJ /kg

9)
Calculate the electrical power output of the generator.

Pg = Ty (hS - h4) NMmMg
Py, =1.67kg/s - (2923.5 — 2618.54) kJ/kg - 0.9 -0.96 = 440 kW
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h)
Calculate the thermal efficiency of the micro steam turbine.

wow 295.43 kJ /kg

T (2923.5 — 4.2-120) kJ/kg

Nth = =0.122 = 12.2%

q23  hs — ho

g
g
2
g

x=n.10 020 040 050
h=200 400 600 500 1000 1200 1400

2120004600 0 600

1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200 7800 8400 9000 9600 10200
Entropy [J/(kg K)]

G. Heat Pumps: Decentralised Cooling System with Waterloop

R290 cooling units reject condenser heat to a closed waterloop. The

waterloop releases the heat to ambient air through an air cooler.

Data:
R290 propane log p, h diagram used separately
ns = 0.6 Dme = 0.92, Py = 1kW
ATsy =T7K ATsc =5 K
cpw = 4.2kJ/(kgK) pw = 998 kg/m®
Yaw,a = 35°C pump power neglected
ﬁgoods =5°C ﬁamb =23°C
AT =10K ATc =5K, ATac =3 K
a)

Draw the cycle in the log p, h diagram and fill in the state points.
Vg = Vgooas — AT = 5°C — 10K = —5°C = pg ~ 4bar
Yo = 9uw,a + ATc = 35°C + 5 K = 40°C = pc ~ 14 bar
1: pg, 91 =9p + ATsy = 2°C = hy ~ 580 kJ /kg

25 : pc, s2s = 851 = Y25 ~ 52°C, has ~ 640kJ /kg

hos — h has — h

2. nsz#:}h2:h1+#:680k=]/kg
ha — h1 Ns
3: pc,193:190—ATSC:35°C:>h32290kJ/kg

4: hy = hs, pr, 94 =09 = —5°C

R290 ket wc reymois: 1

20.00

} 000
Y

10.00
9.00
8.00
7.00
6.00
5.00

4.00

3.00

Pressure [Bar|

60 100 140 130 220 260 [300 340 38 420 460 500 540 50 620 | 660 | 700
Enthalpy [kIfke] st

290 640 €80
b)
Fill the table (by using the log p,h - diagram and calculations).
State point | 9 [°C] | p [bar] | h [kJ /kg]
1 2 4 580
2 70 14 680
2s 52 14 640
3 35 14 290
4 -5 4 290
9)
Calculate the cooling capacity @ of one cooling unit.
P, — i (hs — hy) = 1 = Letme __ LRW 092 100050/
elftme =M ifiz = i1 M he —hi | (680 — 580) kJ/kg /s

Qp =m(h1 — hy) = 0.0092kg/s - (580 — 290) kJ/kg = 2.668 kW

d)

Calculate the cooling-water volume flow for ¥,,,,, = 23°C.

Qa3 = 1 (ha — hg) = 0.0092 kg/s - (680 — 290) kJ /kg = 3.588 kW
2Q23

pwep,w (VEW,a

Vow =14.3-107°m?>/s

B 2. 3.588 kW
— Yamp)  998kg/m3 -4.2kJ/(kgK) - (35 — 23) K

VCW

e)
Evaluate the efficiency of one cooling unit.
T —5+273
co=—"2_ = + =5.96
Tc — Tk (40 + 273) — (=5 + 273)
h1 — h4
= 2.9
fou =

COPCU = NMmeECU = 0.92.2.9 = 2.668
COPCU

=Xe)

Ccu = = 0.448
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f)
Heating mode: parameters and expected effect.
The condenser temperature rises to supply building heating, therefore

pc and compressor work increase. The evaporator side is nearly un-
changed, so the COP decreases compared with summer operation.
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