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ABSTRACT

The ever increasing price of juel in the lase decade has been
ihe stimudus to undertake a study of the fuctors that govern the
fuel consumpeion of the vacuum salt-making process. By mak-
ing use of the exergy concepi, @ meihod hus been devised that
provides an answer 1o the question of how a plant should he

constructed in arder ra achieve an optimum fuel consumption.
It has been found that at the 1982 price level, and independent
of the number of effects, the aplimum fuel consumptivn is 1,20
GiF per metvic ton of salt, or 550 Btu (HRVI per b of salt

INTRODUCTION

Because of the steep rise of the fuel cost in the past de-
cade as against a more gradual onte of plant construction
cost (see Figure 1) it may be expected, that the optimal
energy consumnption for the production of bulk chemicals
¢.g. Hke vacuum salt hax shifted to a value much lower
than 10 years age. To know this optimum is not aniy of
interasi in those cases where a new plant is envisaged, but
is also of importance to a comparison with the actual con-
sumption of an existing one. Once this comparison has
been made, an improvement may be initiated.

ENERGY CONSUMPTION OF THE VACCGUM
SALT PROCESS

As the process of making salt from brine does not cceur
spontancously, work is required to carry it out. The mini-
mum amount can be derived from the free energies of
formation:

NaCl{c): AF = —91.8%4 keal/mole {(at 25°C).

NaCl (ag): = —93.92 keal/mole (at 25°C),
deal work = 2.026 keal/nwle = 40 kWh/t.s.

{tonne of salt or 1000 kg).

In a real process this figure is much higher, as can be seen
from the following example of a quadruple effect evapo-
ration plant (Figure 2) designed in the 1960s.

The heat released by the condensing steam is not lost,
of course, but is transferred for over 85% {0 the cooling
water, while the remainder is absorbed by the outgoing
process streams (vapour condensates, maother liquor).
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Figure 1. The rise of fuel oil and plant construction costs {in
the Netherlands) vs time.

However, by transferring the heat from steam to cooling
water, work is extracted from it which is used to drive the
process,

The maximum amount of work that can be obtained
from the heat delivered by the steam is calculated with
Carnot’s well-known expression by assuming a reversible
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Figare 2. Simplified Howsheet of 2 guadruple cifect cvaporation plant,

heat engine aperating between a source at 133°C and &
sink at 25°C {Figure 3):

,
Maximum work: W = (1 - %)Q (1)
. ]_,"
! 298"
W=(1- 2 = =
(\\ 406)1890 503 MWs (= MJ)

After adding about 20 kWh/t.s. for the shaft work done
in th process (pumps, centrifuges), one arrives at a figure
for the total work required to run the plant equal to about
160 kWh/t.s. So the thermodvnamic efficiency of the

THE EXERGY BALANCE

To analyse the cause of the rather low efficiency, use
will be made of the exergy concept. As first defined by
Rant (1956) the exergy E of a quantity of heat Q available
at T equals the maximum amount of work that can be

l Heat = Q - W

b, o= 298 K
< [}
{25 U

Figure 3, Reversible heat engine.

obtained by transferring it to the surroundings at 2 rem-
perature of Ty, So by applying expression {1);
rro %

“":{':") Q )

e (i
Exergy may, therefore, be considered the work poiential
of a guaniity of heat. By valuing heat or the medium
transferring it, like steam, ar its exergy instead of at its
numbar of foules {or Btu's) or its enthalpy, it is brought
on an equal footing with mechanical or electrical power.
Generally spoken, exergy and shaft power are the same,
they may be interchanged or added to each other.
Looking into more detail of the quadruple-effect plant
presented above it is obvious that the surroundings are
K. The heat discharged to the cocling water {1620 MI/
t.5.) is transferred at a level of about 40°C, so the exergy
of this heat is:

( 298\ 1620

— ) f
V5313 5 kW,

As has heen calcuiated already, the exergy delivered by
the condensing steam Ep = 140 XWh/t.s, However, the
exergy of the same quantity of heat absorbed at 120°C by
the 1st effect:

208 1850
E, = (l - —-——\ e = 127 kWh s,

% 393/ 3.6

5o the transfer of heat, made possible by a driving force
of: 133 — 120 = 13°C is accompanied by an exergy foss:

AE = Ep — E, = 140 — 127 = 13 kWh/L5.

Moreover, in order to eshance the heat transfer, forced
circulation is applied, which consumes about 2 kWh/t.s.
of shaft power per effcet.

Now it is a weil-established fact, that the vapour gener-
ated in an evaporator Is not guite in equilibrinm with its
contents. Depending on severai factors the vapour is
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about 2°C lower in tempetature, This gives rise to an ad-
ditional loss of:

sy 298 1 1890
Ak = (1 W) T T ) T
= 2KkWh/ts.,

which brings the total exergy loss and power use related
o the heat transfer and beiling in the evaporators to 13
+ 2 4 2 = 17 KWh/Ls. per effect, that is roughly 68
kWh/t.s. for 4 effects.

Summarizing, the actual work required to drive the
process may be divided as follows:

Ideal work: 40 kWh/t.s,
Heat transfer and boiling {in evaporators): 68 kWh/L.s,
Excrgy discharged o vooling water: 22ZkWh/t.s.

Shafi power except circulators (20 — 4 X 2} 12kWhsts.
_18kWhits.

160 kWh/t.s,

So this **work and power balance”, or, {0 use 4 better ex-
pression, this “exergy balance,” clearly indicares that the
major part of the losses occurring within the battery lim-
tts of the process are atiributable to the evaporators,
Therefore, prime attention should be directed fo the de-
sign of this part of the plant.

THE OPTIMIZATION PROBLEM

A forced-circulation type of evaporator, such as the
one in Figure 4, consists of 3 pieces of equipment:

1. acalandria

2. a circujator

3. a so-called “vapour vessel” (it provides room for
both releasing the vapour and crystaliizing the salt.)

Qualitatively it may he said, that if the size of the ca-
landria is increased, the LMTD! for heat iransfer will
drop and so will the exergy loss. If the pump size is in-
creased the At per pass’ becomes less, the available
LMTD increases slightly and, what is more imporlant,
the boiling equilibrium is approached better. On the
other hand this reduction of the exergy loss must be paid
for by an increase of shaft power. These examples illus-
trate again the geaerally known fact that an increase in
investment cost, and consequently the annual fixed (=
capital and maintenance) cost, is accompanied by a de-
crease in the variable cost. The problem now is to find the
set of conditions where the total annual costs are at a
winimurm,

LMD = log mean temperatues difference. At per pass = tempera-
Lere rise in the cadundria.

¥T'his is the pressure at the intersection of the rurbine state line and
the saturated stean line on & Molliwz-chart.
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Figure 4. Evaporator.

Assuming a certain heat load and {ixing the diameter
and length of the calandria tubes will allow deriving a
number of exergy loss and power consurmption functions
with two variables only, by applying the appropriate
chemical engineering relationships for the design of heat
exchangers and pamps. For this purpose, the selection of
both the tube side velocity and the heat flux as the two
variables has been found to be a very convenient one.

Reference is made to the Appendix for 2 summary of
the equations. They have been based on an evaporator
temperature of 92°C. The reason for choosing this partic-
ular temperatuce is, that it is fairly representative of the
average conditions in an evaporator {rain.

Scrutinizing cost data on calandrias and circulators of
a great number of vacuum salt plants bullt over the past
25 vears, has led to the formation of two investment cost
functions expressed in the same two variables, The basies
having been dealt with, only & price remains to be tagged
to the exergy in order 1o solve the optimization problem.

THE PRICE OF ENERGY

The price to be attached to exergy is strongly depen-
dent on the way it is made available to the user. A few
numerical examples will make this clear. The simplest
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manner of raising steam for the use in the afore-men-
tioned evaporation piant i3 doing so in a boiler working at
a low pressure. A simplified flowsheet of such a eycle is
given in Figure 5.

Saturated steam is generated in a steambloc at a pres-
sure of, e.g., 10 bar. After throttiing to the required pres-
sure of 3.0 bar it is condensed in the salt plant. The con-
densate is returned uncooled. Heat and material balance
data, based on a supply of 1 ton of steam have been in-
cluded. Remembering Equation 2 the exergy delivered to
the customer

- 298) 2~ 164 xwh,

/
pirare { [ICPRPPITNEY [N
E \1 406,/ 3.6

Substracting the (small) use of power of the boiler plant
itself, the net exergy production is 161 ¥'Wh at the cost of
2522 M of fuel. So the exergy efficiency of the LP-boiler
plant is:

161 % 3.6

sy BR

By defining the exergy efficiency in this way it is presup-
posed that the exergy of primary fueis = 1 MWs/M]J == 1
kWh per 3.6 MJ Low Heating Value {LHV). This has
been found to be mote or fess true. For a detailed argu-
ment, see Baehr {1979),

This rather low efficiency may be improved by applyving
co~generation of sieam and power. An example of a cycle
incorporating a high-pressure boiler and an extraction
back-pressure turbine is presented in Figure 6. Again,
the quantities have been based on a steam raising capac-

16 bar, I8y ¢

b ocan

" = Lt kifky

Gas 2 Boilee

n = BBE {x 1}

4319 M)
Lhg kWi

837 Mi

Denerator

Feed pump
EL = 3 kWh

Figure 5. Steam supply with LP-boiler, Boiler efficiency (u =
88%:) is based on the low heating value {LHV},
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Flgure 6. Copeneration of heat and power.

ity of 1 ton. In this case the combined steam-power plant
produces:

— ERELEY 140 kWh.
— elfectricity: 183 — 10 = 173 kWh
313 kWh

by firing 2766 MJ of fuel.
Therefore, the exergy efficiency is:

33 X 3.6

- o,
3760 40.7 %

This figure is well near o the efficiency of a2 modern pub-
lic power plant. Taking trapsmission line fosses into ac-
count, such a stafion uses about 9.2 MI/kWh, which is
equivalent to an efficiency of 3.6/9,2 = 39%.

The net electricity output of the steam-power plant in
Figure 6 is

Tl = 196 kWh per ton of LP-steam.

After substracting the power consumption of the evapo-
ration piant (Figure 2) of
20

T = 25 kW steam.
0 25 kWh per ton of steam
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there still remains a surpius of about 170 kWHh. In general
it will not pose too much of a problem to sell this to either
another plant or s the public grid.

Efficienicy conld be stepped up still further to at least
45% by choosing a cycle consisting of & gas turbine, 2
dual-pressure waste heat boiler and a back-pressure
steam turbine. However, with such a eycle the electricity
output per ton of LP-steam is over 300 kWh. Getting rid
of such a power surplus at a reasonable price could create
some difficulties, although it is not impossible.

Two conclusions can be drawn from the foregoing ex-
amples:

1. Generating steam together with power can be car-
ried out with an evergy efficiency of abour 40%.
Under certain conditions even 45% could be ar-
tained,

. As this efficiency is about the same as the one of a
pubdic power plant it may be expected that the price
of seif-generated exergy-—either in the form of
steam or power—will be more er less equal {o the
price of the electricity interchanged with the public
grid. To express it more precisely, by “price” it is
meant the variable cost of generation.

This means that the exergy of heat and electricity are not
only equad in a thermodynamical sense but also in the
sense of money value,

Heal [lux, k.i/mi s

467

These conclusions come in very handy, because the
task as outlined before, namely, the optimization of the
evaporator, can be done now without paving any atten-
tion 1o the way the exergy is supplied, so long as its gener-
ating efficiency is about 40%.

Feunded on these two conclusions the exergy price can
now be fixed. With a fuel price of Pg guilders {or dollars)
per Gl of LHV (low heating value) and an exergy generas-
ing efficiency of 40%, the exergy price P amounts to:

_ P

Py = 540 (3

X 3.6 = 9.0 P f/Mwh.

SOLVING THE PROBLEM

The optimizarion problem defined above has been
solved for the conditions prevailing at the end of 1982,
viz. a fuel price (in the Nethertands) of Py = F12.70/GL
Application of Equation J sets the exergy (and electricity)
price to be Py = [ 114.-/MWh. For the scale of produc-
tion has been chosen an annual salt cutput of 200.000
tons per single effect, which corresponds to & production
rate of 25 tph and a heat load Q = 46 MJ/s. The results
have been plotted in Figure 7.

At the optimum thas established the saturation tem-
perature of the condensing steam {or vapour) is found {0
be 98.0°C and the temperatyre of the vapour emerging
from the evaporator: 90.2°C.,
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As this emperature difference of 7.8°C, total exergy
loss amounts to .79 MW and power consumption fo 0.23
MW, Since the hourly production rate {in one effect) is 25
tons, the specific figures are 32 and 9 kWh/L.s., respec-
tively, giving a total consumption related to heat transfer
znd beiling in the evaporator of 41 kWh/t.s.

Referring to the “exergy balance” given above, where
this specific part of the consumption was rated ar 68
kWh/t.s., it is seen that the total exergy consumption is
raduced by 27 kWh/t.s. to about 133 kWh/t.s. This
means that the optimal thermodvpamic efficiency has
gone up to: 40/133 = 30%. At the steam-power plant,
efficiency of 40% mentioned before this is equivalent to
the use of 13370.40 X 3600 X 107% == 1,20 Gl/t.s. of
primary fuel (or 550 Bin (HHV)/Ib salt in Anglosaxon
units).

THE NUMBER OF EFFECTS

Up to now the number of effects has been left out of
comsideration completely. This is allowable, because
what has heen done boilg down to finding the optimum
temperature difference to transfer the latent heat of con-
densation and evaporation. Addition of an average value
for the boiling point efevation of about §,5°C brings the
optimum drop in vapour saturation temperature to 7.8
+8.5 = 16.3°C per effect. So long as this temperatare
drop is applied. the energy consumption will be equal to
the figure calculated in the foregoing paragraph, irre-
spective of the aumber of effects. The only requisite that
has to be fulfilled for a multiple effect plant is that the
steam is expanded in a turbine as far as the pressure de-
manded by the plant, thereby producing useful work.

If the cocling water cuntlet temperature is again taken
sl 40°C, the saturation temperature of the steam for a N-
effect plant should be: ¢, @ 40 4+ 16.3.N°C And putting
it in reverse:

t, — 40

N —
16.3

{4}
in making the choice of the number of effects to be in-
stalled, attention should be paid to some practical con-
siderations, viz.:

1. In order to benefit by the economy of scale of the
individual evaporators, it is advisable to restrict the
nimber of effects, tmplyving that the stcam pressure
shoald be as low as possible.

2. Expansion of steam well into the wet region should
be avoided, which puts a lower limit to this pres-
sure,

The lowest steam pressure applicable depends to some
extent on the sieam turbine inlet conditions, as is shown
by the following examples:

Sixth international Symposium on Salf, 1883—Vol i

Gias turbine

+ W.H.-hoiler
Hi-baiter -+ Steam
Steam-power plant + Steam turbine turbine
Turbine inlet conditions
pressire, bar 100 0 30
temperature, °C 525 510 390
Internal efficiency = % B7 87 a2
Back pressure at satura-
tion, bar.’ 3.2 2.0 1.8
Saturation femperature,
t, °C 136 120 17
With Eq. ({h) N = 59 4.9 4.7

So at a minimum steam pressure of about 2 bar, the obvi-
ous choice for the number of effects is 5.

THERMOCOMPRESSION

As a first approximation it may be said that the opti-
mum femperature drop of 16.3°C, as mentioned in the
preceding seetion, will be valid for an electrically driven
thermocompression plant as well as one driven by steam.
it is approximate only because the compressor has not
been included in the optimization ealculations.

The advantage of a ihermocompression unit lies in the
fact that no heat has to be rejected to the surroundings,
se the exergy of this heat to the amount of 22 kWh/t.s.
{par. 2} is saved. However, the work te be done to over-
come the temperature drop of 16.3°C, which is equal to
ihe sum of the ideal work of 40 kWh/t.s. (par. 2}, and the
optimum exergy loss of 32 k¥Wh/t.5, (par. 6) is delivered
by electric power not af 1% efficiency but at, for exam-
ple, 80%. So there occur extra losses of about:

20
gy < @0+ 32) =18 kWh/t.s.

Therefore, the total energy consumprion wili not differ
rmuch from the figure mentioned in the section labeled
“Solving the Problem.”

RESULTS AND CONCLUSIONS

Tt has been demonstrated thar the exergy concept is
an adequate tool to determine the optimum temperature
difference by which the evaporation process should be
cartied out. Once this temperature difference has been
ascertained, the thermodynamic efficiency of the pro-
cess and consequently the actual work required is known.
Depeanding on the efficiency of generaring work (or ex-
ergy) the work required may be converted to a fuel
constmprion,

By way of a numerical example it has been shown, that
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al the present-day fuel price the optimum-process ther-
modynamic efficiency is 30%, compared to 25% a de-
cade ago, At a minimum work requirement of 40 kWh/
t.s. this means ihatr actually:

40

'(—}-.“3"5' = 133 kWh/is, of work is needed.

As cogeneration of steam and power can be performed at

an exergetic efficiency of sbout 40%, the optimum fuel

consumption of an evapuration salt plant is found to be:
133

e W ¥ 1078 = 1.20 GI/ts.
50 3600 10 1,20 Gi/ts

In contrast with what one would assume at first glance,
this figure is not dependent on the number of effects so
fong as full use is made of the power generating potential
of the steam. However, in order to avoid the extraction of
wet steam, a lower Emit is set to the back pressure. From
this practical point of view one arrives at the conelusion
that the minimum number of effects should be 5.

In principle, the optimization of a thermocompression
evaporator does not pose a different problem. It is, there-
fore, not astonishing that the optimum ptimary fuel con-
sumption {o generate the shaft power requircments is
about the same as the above-mentioned figure.
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APPENDIX
Exeegy Loss and Power Consumpiion Functions

Buais:

Evapnrator temperature { = emperatuze at the calandria intet}
Y= 3655 K.

Temperature of the surroundings = Z89C (298 K.

Calandria sube diameter = 32 mm.
tube Tength Lol

Hear Losd = {3 M5

‘Tube side velocity =¥ mss.

Heat tlux = Fklrmt g,

Equ AGNS:
Overall kesl iransior coefficient:

1060
....... - |_k_]_.-’m2 F( e

Pressure drop AP = 21 + 41 + 062 1LV v kN m®

FROR
F

Hear transfer surfaes; A = (m®

0
N, of tubes: N = LH

Circulater rate: W = 0,66 X 1077 NV (m'/s),

0.2850
- °C)
W

Tomperature rise i the calandria: Ap =

o beraperatues of the condensing steam or vapouz and the evapurajor
temperatuse):
eTAL A1)
A, = —omee () Exponent m = ——
c::1 -1 :
Non-ecuiilibrium temperature drap 41, = 0.67 AL (°C)
Exergy loss (hear transfer und boiling):
[ JETY
= - - ] 298 Q (MW}
L 365 — At, 165 + At/

Ciraidaror powes consamption: 1.5 % 1071 W AP (MW),

[
:
i
¥
z
H
i




	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7

