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Teaching Formulas

Pietro Asinari!

!Energy Department, Politecnico di Torino,
Corso Duca degli Abruzzi 24, Torino, Italy
(Dated: April 20, 2013)

© Proprieta riservata dell'autore - Digitalizzazione e distribuzione a cura del CENTRO APPUNTI - Corso Luigi Einaudi, 55 - Torino / Pagina 7 di 188



© Proprieta riservata dell'autore - Digitalizzazione e distribuzione a cura del CENTRO APPUNTI - Corso Luigi Einaudi, 55 - Torino / Pagina 9 di 188

3. Inner product and its generalization

D D
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4. Outer (or dyadic) product
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9. Operators: Laplacian V2 = V- V()

v2
aeR
_)
vZ
aecR?P
_>

10. Operators: Laplacian in components
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Example 1. Exergy destruction and efficiency
of an heat-exchanger

The exergy analysis of a simple counterflow heat-exchanger is carried out.

The exergy equation at steady state for a control volume can be written
as:

d ( E T S) T in out
t Lo Jcy 0
L )Lt j=1 k=1 |
Y — ' —
Rate of Rate of Rate of
exergy exergy exergy
change transfer destruction
by =h—hy—To(s —so) +e.+e, Specific flow exergy

For the sake of exergy analysis, a reference ‘dead-state’ (denoted by
subscritpt ‘0’ generally corresponding to the external environment must
be also defined.

Example 1. Exergy destruction and efficiency
of an heat-exchanger

The heat-exchanger under investigation is a counterflow air recuperator.

Hot air enters the heat-exchanger at 1020 K, 1.1 bar, and exits at 1 bar.
Cold air enters at 610 K, 10 bar, and exits at 860 K, 9.7 bar.

A control volume and dead state must be defined prior to starting the
exergy accounting.

Hot
stream,
lﬁ h

Cold

Me
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Example 2. Exergy analysis of a vapor-
compression refrigeration cycle

Given parameters of the cycle are the evaporation and condensation
temperatures of the refrigerant fluid, its mass flow rate and isoentropic
efficiency of the compressor.

T, =3°C T, =30°C Gy, =0.057kg/s 17, =09

The condensation process takes place in an heat-exchanger where the
refrigerant fluid release heat to the external environment found at a
temperature T, = T, = 20 °C,

The wuseful heat change rate is accomplished in the evaporator
component, where the refrigerant fluid receives heat from a cold
environment found at 7, = T, = 20 °C.

Example 2. Exergy analysis of a vapor-
compression refrigeration cycle

50,00 Bitda
gt
o S,

40,00 =

30,00

20,00

10,004
9,

Pl g
° ooy
S 83338

Pressure [Bar]

»
=3
S

w
E=3
S

2,00

___,‘4./5»' a5
s5100 - 120 0% = A

140 160 180 200 220 240 260 280 300 320 340 360 380 400
Enthalpy [ki/kg]

8,70 0,80
160

Coolpack tool can be used to draw the cycle and evaluate thermodynamic

e L
flizird nronertics
BE2 RS i]..'.'.. Uﬁﬁw& R e R BT G
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Example 2. First law analysis

The first law of thermodynamics (energy conservation) can be applied to
the CVimmediately surrounding each component:

O-W, =~—(E -+-ZG(h+e+e)k

The specific work and energy exchanged in each component are
evaluated as following:

Compressor, I',, (irreversible adiabatic process) -1 e = (/’L2 - h.)
Condenser, T,, (isobaric process) q, = ( h, — h2)

Lamination valve, T, (isoenthalpic process) h3 = h4

Evaporatore, I',, (isobaric process ) q, = (hl - h4)

First law analysis - Results

Energy Anmalysis =~~~ Entaiphy/Exergy kakA)
AhCMPR hB hA (KJ/kg) e

Bi_oﬁsp_he@" (igad statg

. 293,15

—
mngI © - 203,15
L. 0el o 38345

Peyap  Pevar  ha—hp

COP =
Wineck ~Wempr  ha = hg

Te

COPyy = ——

Wempria = Peyap - COPyy Minimum work required
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Exergy efficiency of components (I)

Compressor, I, (irreversible adiabatic process):

_I/K:GR(bz_bi)'*'Z)Zirr —VV;=( b2~ 21)'*'\1]'

14

t_ !
_ I b1

-,

Condenser, T,, (constant pressure process):

T T,
q)l'(l“?oj:GR(b3_bz)+%Em (Gztaz’" gz)z_q)l'{l—?z'

1
o, (l_g)
Iy

t {
B2 T Gb3

E =

TlﬂTO%TH

Exergy efficiency of components (II)

Lamination valve, T,, (isoenthalpic process):
— _ t ot
O_GR(bél b3)+]-’02irr b3 T b4 +\P’l

t
— b4

t

h3

&

Evaporator, I',, (constant pressure process):
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Exergy analyis — Sensitivity analysis

Sensitivity analysis toward the isoentropic efficiency of the compressor:

nic i nic 0.9 nic 0.7
wikw) w(%) | wikw) w(%) | wikw) wW(%)

ideal | -0.317  31.4% | -0.317 -0.317
$i,riz | 0000 {0.0% | -0.107 -0.409
$i, 123 | -0.337  33.4% | -0.342 -0.359

Pi, 34 | -0.117 11.6% -0.117 10.4% | -0.117
i, r41 | -0.238 23.6% -0.238 21.3% -0.238
-1.009  100.0% | -1.121  100.0% | -1.441

By decreasing the isoentropic efficiency of the compressor, the
(internal) irreversibility of the compressor is increased. The amount
exergy dissipation in the condenser unit increases as well.
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Moody Diagram
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Logarithmic mean temperature difference
(LMTD)

PARALLEL FLOW COUNTER FLOW
AT _(T;i_Tﬁ)_(r:o_To) AT _(Tci_To)_(Tco_Tﬁ)
S e T N T;,'_T,' Imcf — TL-,'_TO
T::o _T;’o Tco - Tﬁ
Configurazione equicorrente Configurazione controcorrente
A 4

Temperatura
Temperatura

o
ey

//

Superficie di scambio Superficie di scambio

Legend (valid for this slide only):
¢ (‘caldo’) = hot stream
f (‘freddo’) = cold stream

Fattori di correzione per altre geometrie

Baffles

—
Cross flow
T=Fflx

Tube Shell '{ube
flow outlet inlet
Source: I'. P. Incropera et al., Fundamentals of Heat and Mass Transfer, 6th Edition
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Effectiveness relations

Effectiveness relations for heat exchangers: NTU = UA,/Cy, and
€ = Coypf s = (fhcp)mmf(mcﬁmax (Kays and London, Ref. 5.)

Heat exchanger
fype

Effectiveness relation

1 Double pipe:
Parallel-flow

Counter-flow

2 Shell and tube:
One-shell pass
2,4,... tube
passes

3 Cross-flow
(single-pass)
Both fluids
unmixed
Ciax Mixed,
Conin Unmixed
Canin ixed,
Crax unmixed

4 Al heat
exchangers
withc = Q

1 —exp [—~NTU( + ¢)]
€= 1+¢
_ 1T —exp[-NTU(1 - ¢)]
T T - Cexp [-NTU(1 - ¢)]

~ o 1+exp[-NTUVIF |
T 2{1 FOE NV Y e eNTUVT cf}}

L

NTUO.ZZ

[

s=1-—exp { exp {~c NTUO78) — 1}}

il

e %(1 « exp {1—cl[l — exp (~NTU)IN
g=1-—exp {—%{1 ~exp{~c NTU)]}

e =1 —exp(—NTU)

Effectiveness graphs

1 Shell fluid

100 a 100
j 2 O |
S
20 ’\C;J _
38 N
/00— ®
60 A 55 5 60
" T.00 &
' 5
. 3 40
fluid 1 o

Effectiveness ¢, %
B
<
N
A
— %\K‘\
e

2 3 4

PARALLEL FLOW

Number of transfer units NTU = AUIC e

I " 1
5 1 2 3 4 5

Number of transfer units NTU = AUIC .

COUNTER FLOW
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Douple-pipe heat-exchanger with either bared
or finned surface in the annulus region

Cross section view of Cross saction view of
bare tubss inside shell  fintubes inside shell

Water properties

Average values (between inlet and outlet conditions) can be used, provided that the

temperature dependency of the physical property is low and/or the operating
temperature interval is rather small.

Note that hot water flows through the inner tube.
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Friction factor and Nusselt number
correlations - Results

Veioc:zty, mfs
Reynolds num‘ber (Re)
Prandtl (Pr) -
Frchlon factnr (f}

Heat exchanger required length

~ INNER TUBE ANNULUS
~ (HOTSIDE) (COLD SIDE)

Overall heat

 lo%es 9315
LMTD . 4~~;1043 .
Heat-exchanger surfacearea, m . L9 089
Heat-exchanger requlred length m z‘f‘f ’ . 470 470
Pressure loss, Pa L . 30 . 1908
® = UAAT,,, 1. Rips = 1 nldo/d) 1
UA hiA_' 2rkL hOAO
U = 1 1
g _1_+ln(d /d; )Al+ A; +ln(d /d)d; | d;
> 2kl A & 2k Thd,
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Overall fin efficiency

NovS = Sp + 15

Sp =(md, —6N;)L  Bare surface

Sf = 2bN¢L Finned surface

S =(nd, - 8Ny + 2bNf)L Total surface available for heat exchange

T]OUS =5~ Sf +T]Sf

Sf(l -n) 2bNg(1—n) .
Moy =1 ————= 1-— wd, — 6N, T 25N QOverall fin efficiency

1 1
L/ A T In(d,/d)d;

U; =
L dl

hi 2mkL nov ohodo h_ 2k * Nov,ofodo

Results

 INNERTUBE ANNULUS
8goE03 .

LOOE-03 ‘

880E—03 o

Priction factor(f) : :';:‘/' - 120,0041’?;‘“ . -0 6093
Nussgitnumber(Nu) . . 93

Pump load, kWe “
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