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Abstract

This paper presents a detailed study on the ammonia—water vapour rectification process in absorption systems using a helical coil rectifier
A differential mathematical model has been developed on the basis of mass and energy balances and heat and mass transfer equations. T
differential volume has been defined in each coil turn by a differential angle on the turn and a second differential angle on the coiled tube
cross section. It contains the corresponding differential portion of coolant, coiled tube wall, condensate film and vapour. Simultaneous heat
and mass transfer processes have been taken into account in the vapour and liquid phases. The model equations have been solved using:
finite-difference method. Results have been obtained for characteristic data from an ammonia—water absorption refrigeration system. Most
significant calculated variable profiles along the coil height as well as in the coiled tube cross section are presented and discussed. The
influence of the heat and mass transfer coefficients on the rectifier performance has also been considered.
0 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction produced in the generator always contains a small fraction
of water. The water carried over from the generator reaches
Ammonia—water has been in use as working pair in ab- the condenser, the expansion device and then the evaporator

sorption refrigeration systems from the initial development Where it tends to accumulate. The presence of water in the
of this technology around 1860. Nowadays, linked to the un- evaporator raises the evaporation temperature and strongly
clear future of synthetic refrigerants, natural fluids are re- deteriorates the system performance and efficiency [5]. As
called as long-term alternatives [1]. Moreover the interest in V&S aIre_ad;; pointed out dby Bogart [6], ignoring Wafte:]
absorption systems as an environmentally friendly technol- CONtent In the regenerated vapour constitutes one of the
ogy has been reinforced in the last decades [2]. Therefore,Mao" pitfalls in designing an gmmoma—wgt_er refnggraﬂ_on
ammonia—water absorption systems constitute an interestin ystem. 'I;here;ore, t?ﬁ sele;:tlon of tan teﬁ'c'tim purlflcatlotn q
and active research field focused mainly in developing more Verlof)iis asc,) V\z” l;csethee d;’g" iro?(zgeegorlrrés oen(;?ngegg\r/?ci
efficient and reliable devices and in searching for new appli- pour, a > desig . P 9 '
cations [3,4]. are con5|dered_ qf major importance in order to guarantee a
The properties of fluids and mixture characterise and reh‘?ﬁ(lee:rrr]l(rjn?)frf]gevrg;gj;[epnl]r%?c(;r?gr?r:).rocess in absorption
determine the absorption system design and construction. . . . : . . o
The major distinctivg desig); characte?istic i ammonia_ refrigeration systems is carried out by using a rectifier or
water refrigeration svstems is drawn from the non-nealiaible a distillation column with complete or partial condensation.
vapour pregssure of v?//ater compared to the vapour pregssgure o distillation column with partial condensation also includes

2 in th . A it th rectifier at the column top.
ammonia in the generation process. As a result, the vapour o gitillation column the vapour stream from the

generator enters the bottom of the column and rises in

* Corresponding author, counter-flow to a liquid stream, so that heat and mass transfer
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Nomenclature
A transferarea . ...........cooviiiinnnnn. 2m < Schmidt number
¢ molar concentration............... ko3 T temperature ... 1C
cp specific heat capacity ............ kgt v Velocity ...t sl
Cp molar heat capacity ........... kinol~t.K 1 X ammonia mass concentration . .. ..... Kay!
D d|ameter ..... e _1 m )z amm0n|a molar Concentra“on L. krﬂo‘holfl
D diffusion coefficient.................. %Ts,l y water mass concentration . . . ... tHay
Z zzgff:gfsr}teﬁeggi f:fi.c.ié.n.t """""" W:Z'kgfl z ammonia to total molar flux transferred ratio
hm mass transfer coefficient . . .. ... knmot2 s—1 Greek symbols
hp p|tCh ..... T m o, ﬂ angu'ar Coordinates
f :ﬁCt'f'erI he'gé‘t AL L m molar heat of rectification .......... -kinol1
ermal conductivity ............ LK™ _
Le Lewis number Subscripts
M molecular weight................. Kgmol~1 b bulk
I’).’f mass ﬂUX ....................... kgiz'sii c Coo"ng medium
M massflow................ .. ... i~ ;
) molarflux.................... kmcrh‘zjigl Ih iz(:gffgf;l coil
p pressure 2 | lquid
............................ iqui
Pr Prandtl number . . q
q heatflux................occooeenn... W2 u inner tube
Re Reynolds number to outer tube
s fouling factor.................... K- W1 v vapour
s spatial coordinate in the direction of mass Wi inner tube wall
transfer. ......oooueeie m Wo outer tube wall

increases as it flows towards the column top, meanwhile mass transfer rates and consequently the composition of the
the liquid concentration decreases from top to bottom. condensate. If the condensate is not rich in water, a large
A detailed study on the heat and mass transfer processeamount of vapour will be condensed to achieve the desired
in a packed distillation column with complete condensation concentration at the rectifier outlet; therefore, the vapour
in an ammonia—water absorption refrigeration system was mass flow rate entering the rectifier must be increased.
reported in [7]. Thus, the heat applied to the generator must be raised and
In a rectifier the vapour contacts a surface cooled below consequently, the COP of the system is reduced.
the vapour dew point, so that a fraction condenses with a  This paper presents a study on the rectification process
high water content. As a result, the ammonia concentrationof a single stage ammonia—water absorption refrigeration
of the ascending vapour increases. The condensate is calledystem with partial condensation by means of a helical coil
reflux and the heat exchanger where the partial condensatiormade from a smooth tube of circular cross section and using
takes place is also named partial condenser or reflux coolerwater as the cooling medium. The helical coil configuration
The cooling process can be carried out using different is considered an interesting option for small power absorp-
cooling mediums. The strong solution from the absorber tion refrigeration systems, due to its compactness, enhanced
can be used as cooling medium, thus the rectification heatheat transfer configuration, compensation for thermal expan-
is utilized within the absorption system which improves its sion, easy construction and low cost. Moreover, it is easily
performance. integrated over the generator or at the top section of a distil-
The objective of the rectifier is to reduce the water content lation column when partial condensation is used.
of the vapour produced in the generator, i.e., to achieve a A differential mathematical model has been developed
specific ammonia concentration. For a given vapour inlet and implemented in a computer program, which provides
temperature and mass flow, the design of the rectifier and thethe flow, temperature and concentration profiles of the liquid
cooling medium operating conditions determine the rectified and vapour phases and the temperature profile of the cooling
vapour mass flow, concentration and temperature. However,medium, throughout the height of the rectifier, as well as in
for a given system and operating conditions, the refrigerant the coiled tube cross section. Heat and mass transfer fluxes
mass flow rate is proportional to the cooling capacity of the are also obtained. Parametric studies have been carried out
system. Thus, the vapour mass flow rate leaving the rectifierin order to investigate the rectifier performance at various
is set. The design of the rectifier influences the heat anddesign and operating conditions.
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The model is based on the equations developed by
Colburn and Drew [8] for the condensation of a binary )
vapour with a miscible condensate. Similar models have coolantin  —_5
been used to design different components in ammonia—water \
absorption systems. ledema et al. [9] developed a model to
study heat and mass transfer in the vapour and liquid phases
of an ammonia—water regenerator. Potnis et al. [10] used the
Colburn and Drew equations to develop a computer program
for an ammonia—water GAX component with a flutted
helical coil geometry. Kang et al. [11] developed a design
model for a rectifier in GAX absorption systems considering
different configurations of the rectifier. The same authors
[12] developed a generalized component design model
by combined heat and mass transfer for ammonia—water ,
absorption systems obtaining a desorbed/absorbed vapour  coolant out 4«
composition £) map for each component with the direction T‘ [

— condensate out
of mass transfer. Selim and Elsayed [13] developed a model T—— vapour in
to study the performance of an ammonia—water packed bed Dy
absorber. Do
Most of the recent work on combined heat and mass
transfer models applied to absorption systems are concerned Fig. 1. Schematic diagram of the helical coil rectifier.
with absorber designs [13-17]; however, the referenced ube
literature reveals that the method can be extended to other Coolant wall Film Vapour
components. In a recent review of models of coupled heat Tow
and mass transfer in falling-film absorption, Killion and N —
Garimela [18] pointed out that in systems with a volatile T, T
absorbent (like the ammonia—water mixture) and in order Tui / '
to simplify the models, many authors neglect the resistance y Two
to mass transfer in the liquid phase, while some neglect T,
resistance in the vapour phase; moreover, authors who ~~~"7"""""""7 \ """""""""""""
do neglect mass transfer resistance in either phase often \
disagree on which mass transfer resistance dominates. Xvb
In this paper, heat and mass transfer has been considered BN
in the liquid and vapour phases. Moreover, the coiled tube X|
cross section has been divided in incremental elements and
local heat and mass transfer coefficients have been applied.

2. System description M E

The structure of the helical coil rectifier is shown in
Fig. 1. It consists of two vertical concentric tubes with Ve Vb
diametersDy, and Dy, which constitute the shell of the
rectifier. The coil is placed in the annulus duct between both
tubes. The coil geometry is defined by the coiled tube inner
Dy, and outerD,,, diameters, the coil diametdd, and the
turn pitchzp, according to nomenclature and Fig. 1. Fig. 2. Characteristic temperature, concentration and velocity profiles for

The coolant flows downwards inside the coiled tube in the rectification process under film laminar flow.
counter-current flow with the vapour, which flows upwards
inside the annular duct between the inner and outer shell Fig. 2 illustrates the physical situation for the rectifica-
tubes. Since the coiled tube wall temperature is lower than tion process of the ammonia—water binary mixture, on which
the vapour dew point, condensation of vapour occurs over itsthe heat and mass transfer model is built. The vapour tem-
external surface. The condensate forms a thin film flowing perature is usually higher than the coolant and condensate
downwards under the effect of gravity. Therefore, the liquid film temperatures; thus, the interface temperature is between
condensate flows in counter-current with the vapour and in the liquid and vapour temperatures. Both components of the
co-current with the coolant. vapour phase are condensed, but the more volatile compo-

%
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nent (ammonia) accumulates at the interface. A higher con-positiona in the turn and the angular positighfrom the
centration,x, (higher partial pressure) of ammonia is ob- helical center line in the tube cross section (Fig. 3(a), (b)).
tained at the vapour interface which attempts to diffuse away The differential element covers a volume that is delimited
from the interface towards the bulk vapour and against the from the center of the cross section of the coiled tube
vapour condensation flow. This distribution inhibits the con- by a turn fraction @ and a cross section anglggdThe
densation of water which has to diffuse through the vapour differential element extends on the tube radial direction to
phase under the influence of its own concentration gradientcover the coolant, the tube wall, the film condensate and the
(partial pressure gradient), as shown in the water concentra-apour, as shown in Fig. 3(c).

tion, y, profile in Fig. 2. As a result, the composition of am- | formulating the model the following assumptions have
monia in the rectifying vapout, is lower than the ammonia  peen considered:

molar concentration at the interface. Next to the interface,

the vapour is dragged downward by the liquid and a velocity (1) The processes are in steady state and the rectifier
boundary layer is formed between the downward velocity of pressure is constant.

the interface and the upward vapour velocity. (2) The kinetic, potential and mechanical energies varia-
tions as well as heat losses to the environment are neg-
ligible.

(3) Lewis and Whitman theory [19] of non-interfacial
resistance is applied, i.e., the interface concentrations
of vapour and liquid are the equilibrium concentrations
at the interface temperature.

3. Mathematical model

A mathematical model has been developed considering
the combined heat and mass transfer processes in the
rectification of ammonia—water vapour. The mathematical ) :
model considers three different regions as in Fig. 2: the (4) Theouter coiled tube wallis assumed to be completely
vapour phase which is in heat and mass transfer with the wetted. The heat and mass transfer areas are considered
liquid condensate through the vapour—liquid interface; the to be equal to the outer tube area. -
condensate film which is in heat and mass transfer witn (5) The cooling medium is incompressible. For a transver-
the vapour phase and in heat transfer through the coiled sal tube section, the coolant temperature is assumed to
tube wall and the cooling medium. The mathematical model be constant with the angular and radial coordinates.
is based on the application of mass, species and energy (6) Heat and mass transfer is only considered in the tube
balances and heat and mass transfer equations, as well as radial direction. Heat and mass transfer is neglected in

the proper boundary conditions to a differential volume the space between two adjacent coils.

enclosing the three regions. (7) The vapour phase is mixed after each turn of the
The differential element where the model equations are rectifier; therefore, the vapour conditions entering and

applied is depicted (solid lines) in Fig. 3. The position of the leaving any turn are assumed to be homogeneous, and

element is determined by the coil turn numbgihe angular the vapour velocity uniform.

Fig. 3. Control volume for a differential element.
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(8) The film theory [20,21] is applied to the heat and mass obtained, where mass transfer is defined to be positive from
transfer equations in the vapour phase, i.e., the heat andhe vapour to the liquid phase.
mass transfer resistances are confined to a thin region

close to the interface. ANHslv =hmyv - 2 Ln<Z — x_"i) (6)
(9) A linear temperature profile and a parabolic film LT
velocity profile for laminar flow in the liquid film are The net molar flux in the bulk liquid is zeroi| = 0)

assumed. The film slides over the rectifier coil in the because the tube wall is impermeable to the material;
tangential direction and no mixing with the adjacent however the net molar flux at the interface is not zerp£
liquid occurs. iilv). EQ. (3) cannot be integrated directly over the liquid film
(10) There is no flooding in the rectifier. thickness because the ammonia and water molar fluxes in
(11) The rectifier pitch is small; thus, every turn is approx- the liquid film are not constant. The molar flux of ammonia
imated to a torus. However, the turns curvature and transferred from the interface to the bulk liquid is obtained
slope are taken into account to calculate the coolant from Eq. (7), as a function of the liquid mass transfer
heat transfer coefficient. coefficient &m ), the molar bulk concentration of ammonia
(x1) and the ammonia molar concentration at the interface
According to Fig. 3 and considering assumptions 4 (xji). The mass continuity requirement at the interface is also
and 11, the heat transfer area between the tube wall and theestablished in Eq. (7), resulting in equal mass transport in the
cooling medium and the interface area are calculated with liquid and vapour phases through the interface.
Egs. (1) and (2), respectively.

ANHgll =7 - Xt — hm 1 - (X1 — Xii) = liNHglv (7)
dAwi = 1 -dp - Dy - (Dh ~+ Dy -sin(ﬁ)) - Ao Q) If the ammonia and total molar fluxes are determined,
14 then the corresponding mass fluxes can be calculated from
dA; = 3 -dB - Dwo - (Dh+ Dwo«sin(ﬁ))«da 2) Egs. (8) and (9), wher@/ is the components molecular
weight.
The liquid film thickness for laminar flow is given by . _
the well-known Nusselt equation. To obtain a finite film 2NHz = 7iNHz - MNH3 (8)
thickness in the top and bottom sections of the tube, the film 7, = iy, - Mnn, + 72 - (1= 2) - Mo (9)

thickness expression betwegn= 0 and some arbitrarg;
angle value is replaced by the tangent at fhisas reported 32, Heat transfer equations
in [14]. The same simplification is done in the proximities of

B=m. In the heat transfer analysis, two different zones are
_ considered: heat transfer between the vapour phase and the
3.1. Masstransfer equations liquid film and heat transfer between the liquid film and the

cooling medium.

Mass transfer between the vapour and liquid phases re- The sensible heat transferred from the bulk vapour to the
sults from the combined contribution of molecular diffusion interface is given by Eq. (10). There is a sensible heat of
and a bulk transport of material through the interface [20— the mass flux between the bulk and the interface conditions,
23]. The net molar flux of ammonia from the bulk vapourto which must be considered in the heat transfer equations.
the interface is obtained from Eq. (3). A detailed discussion of these equations can be found in the

diy literature [20,22]. Similarly to the mass transfer equations,
AiNHg v = (FiNHg + 71H,0),, * Xv + hmy - —— (3) heat transfer is defined to be positive from the vapour to the

) ) ) ) ds o interface.
where,s is the spatial coordinate in the direction of mass oy

transfer and is defined as the ratio of ammonia to the total 4v =/ - 1_e—ov (Iv—T) (10)
molar flux, according to Eq. (4). The total molar flaxs the
sum of ammonia and water molar fluxes.

with ¢y being

_ 7INHg * €p.v,NHg + 71H,0 * Cp,v,H,0

;= INHs 4) o= - (11)
n \"
Combining Egs. (3) and (4), Eqg. (5) is obtained. According to assumption 9, the heat flux passing to the
- coolantis given by Eq. (12).
. dxy
n 'dSth,V' — (5) .
7 — Xy Gc-dAwi = hi - (Ti — Two) - dAi
. . . 3 .

Under assumption 8 %nfi integrating Eq. (5) between bulk 42 - epy - () — Two) - dA,

vapour conditions s( = hrVnVV, Xv = Xvp) and the vapour 8

conditions at the interfaces (= 0, &y = ivi), Eq. (6) is — M - dh (12)
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The two terms added to the right side of Eq. (12) describe analogy, which provides a relationship between heat and
sub-cooling of new condensate to the mean condensate temmass transfer coefficients, according to Eq. (21).
perature and sub-cooling (or heating) of previous condensate %\ 2/3
from the upper sections of the rectifier. The heat flux trans- j, = Cp-hm- (_> =Cp-hm- Le?/3 (21)
ferred from the wall to the coolant is also given by Eq. (13). Pr

To — Te State equations used for the jHH,O equilibrium and

T Tn(Dwn/Du) Dui (13)  thermodynamic properties are taken from Ziegler and Trepp
et T 2hw TTs [31].
wherers is the coolant side fouling factor [24]. Solution of the system of differential equations yields the

The coupled heat and mass transfer nature is reflected incooling medium, film condensate and vapour conditions at
the energy balance at the vapour-liquid interface. Eq. (14) every point of the rectifier defined by the turn number and
states the energy continuity at the interface the angular coordinatesandp.

h - (Ti — Two) = gv + AINH3 * ANH3 + 1H,0 * AH,0 (14)

where 1 is the components molar heat of rectification 4. Discretization and solution method
(difference of vapour and liquid partial enthalpies) at the

gc=

conditions of the interface. The previous set of nonlinear differential equations can-
not be solved directly; therefore a finite difference numerical
3.3. Mass and energy balances method is used.

The rectifier is divided in a finite number of elements

Global mass, species and energy balances over the\Nlth an incremental angular |engmot for eaC.h turn and
differential volume of the rectifier, shown in Fig. 3, lead to an angular lengttag from the center of the circular cross

Egs. (15), (16) and (17). section of the rectifier tube, as shown in Fig. 3. The value
. . Dwo/2 - sin(AB) is the height of the vapour element that
dMy +dM; =0 (15) interacts in the process and is represented in Fig. 3(c). As a
d(Mv . xV) + d(M| ~x|) =0 (16) result, every discrete element of the rectifier is described by

g - dAwi + d(MV )+ d(M| m)=0 (17) the turn number and the angles; andpy, which determine

its position in a rectifier turn.
An analysis of the bulk vapour phase yields Eqgs. (18),

(19) and (20). In Eg. (20) the vapour enthalpy of the mass I<isn

2.

tran;ferred is Fhe average value of the components vapouly; — (j —1/2)- Aa, Aa = . i=12....n;
partial enthalpies at the interface temperature, as suggested nj
by Webb [22], ir_13tead of the_ enthalpy of a vapour with Bi=(k—1/2)-AB, AB= 27 k=1.2.....2-m
value of ammonia concentration. ng

. _ where n; is the number of turns in the rectifien,; the
de’ =-m dA[ (18) number of elements in each turn and#, the number of
d(My - xv) = —ritNH - A (19) elements considered in the coiled tube cross section.
d(Mv . hv) The rectifier is solved from the known conditions of the

. . . vapour at the top. For a given turn segmentaf angular
=~ (120 - hv. 0 FritNH - by, +4v) - A4 (20) length, the corresponding elements of the outer surface

Egs. (1)-(20) constitute the mathematical model of the (k =1,...,nx) of the coil are solved from top to bottom
rectifier, based on the assumed hypothesis. and then the elements of the inner surfage<(2 - ny,

The coolant side heat transfer coefficigig)(for helically 2-n;—1,...,ng+ 1) are calculated also from top to bottom.
coiled tubes is obtained from Gnielinski [25]. Local con- Symmetry is not considered because the inner side cross
densate heat transfer coefficient and condensate film thick-section of the annular duct between the coil and the inner
ness are obtained from the Nusselt equations, taken into actube wall is generally different from the cross section of
count the effect of inclination of the coiled tube [26]. To the outer side (see Fig. 1), which implies that vapour flow
account for the increase in heat transfer due to waves andrates can be different. Moreover the inner coil contact area
film disturbance, Kutateladze [27] correction is applied for is lower than the outer contact area.

Re > 30. To take into account the effect of vapour shear on  The finite difference equations are obtained from the
the condensate film the Fuijii [28] equations are used. The discretization of Egs. (1)—(20). Because of the combined
vapour phase heat transfer coefficient is obtained from theheat and mass transfer processes, heat and mass transfer
Zukauskas [29] correlation for in-line tube bundles. The lig- equations and mass, species and energy balances should
uid mass transfer coefficient for laminar flow is calculated be solved simultaneously. The implemented algorithm uses
from Sherwood et al. [23] and the vapour mass transfer co- three iterative loops to obtain the values of the concentration
efficient is determined using the Chilton and Colburn [30] ratio z, the interface temperatur@ and the tube wall
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temperaturdlyo. Once these parameters are calculated, the . _ i "”lM 23
vapour and condensate conditions of the adjacent elementfvi+1 = Z Z V@i, j.k) (23)
can be determined, as well as the heat transferred to the J=1Lk=ni
cooling medium. The implemented algorithm, for a specific *vi+1.j.1) = Xv(i+1,j.2:m)

. : i 0 41,
discrete element can be summarized as follows: _ Z,-Ll[ZZ’;nk(Mvo,./,m X j0) ] 24

(1) Guess the outer coil wall temperatig,. My(i+1)

(2) Guess the interface temperate hvii+1,7,1) = Av(i+1, j,2.n)

(3) Calculatex;; and xy; with the assumed temperature iy meAL o
and the rectifier pressure, considering equilibrium and = Zle[Zk:"k(, v v, j)] (25)
saturation conditions. My(i+1)

(4) Guesx. Tu(i+1,,1) = Tv(i+1,j,2:n0)

(5) Calculateiny,|v andn|y from Egs. (4) and (6).

(6) Calculate the ammonia molar flux in the liquid inter- F(p VLD , "(’+12’-”1)) (26)
face using Eq. (7). lfinms|i — 7inHglv = 0, go to step 7, Morsan _ My Dp— Dy 27)
otherwise guess a new valueénd go to step 5. VL 2m) =TT p2 D2

(7) Calculate the sensible heat transferred from the vapour . 2 5
to the interface using Eq. (10). Myt n = Myit1) Dip — Dy (28)

(8) Check Eq. (14). If verified, go to step 9, otherwise nj Dg - DZ
guess a hew value @ and go to step 3.

(9) Calculate the ammonia and total mass transferred
fluxes from Egs. (8) and (9).

(10) Calculate the new liquid flow and ammonia concentra-
tion from Egs. (15), (16), (18) and (19).

(11) Using assumption 9 the new liquid temperature and
specific enthalpy are obtained.

(12) Calculate the heat flux transferred from the interface to
the coolant using Eq. (12) and check if it is equal to the
value given by Eq. (13). If the heat fluxes are equal go
to step 13, otherwise guess a new valud\gf and go

Therefore, the next turn of the rectifier can be solved,
marching downwards to the bottom of the rectifier, where
the inlet vapour conditions, the condensate conditions and
the coolant temperature are obtained.

The solution method explained above has been imple-
mented in a computer program using Fortran 90.

5. Resultsand discussion

to step 2. The implemented model has been used to simulate and
(13) The new vapour and liquid conditions can now be to analyse the performance of the rectifier for a partial con-
determined from Egs. (15)—(20). densation system considering water as the cooling medium.

The data required by the program are the rectifier geometry

As stated before, the coolant temperature is consideredand material thermal properties: inner and outer tube diam-
constant for every rectifier turn segment afx angular  ©ters(Dwi, Dwo), the coil diameteDy) and the turn pitch
length. The coolant temperature for the next element is (%p) of the helical coil, diameter of the inneDyi) and outer

obtained from Eq. (22). (Dro) shell tubes and the thermal conductivityy) of the
e coiled tube; and the operating conditions: system pressure,
T > 1 4ci. k) - AAwol,j.k) vapour outlet mass flow and ammonia concentration, vapour
ci.p) + Mc - cp.cij) inlet temperature at saturation conditions, water inlet mass
Teijin if Jj <’nj’ flow and temperature and the coolant side fouling faotr
= { h . (22) The geometry of the rectifier analysed is specified in Ta-
Tevryy 17 =n; ble 1, while the operating conditions are specified in Table 2.

Once the elements of a rectifier turn are computed, the These data characterise representative design and operating
vapour mass flow rate entering thé turn is obtained by  conditions of a rectifier for a small capacity ammonia—water
adding the vapour mass flows of every element of the lower absorption system. The desired vapour outlet ammonia con-
section of the turn, as indicated in Eq. (23). The vapour centration is imposed, as well as the vapour mass flow rate
flow entering the'th turn equals the vapour flow leaving the leaving the rectifier which is set by the cooling capacity re-
(i + Dth turn. A mass, species and energy balance of the quired from the absorption system.
vapour entering théth turn allows to determine conditions The number of turns required to achieve the outlet vapour
of the vapour leaving the upper sections of the next turn conditions is calculated from the specified data. Numeri-
(i + 1), using Egs. (24), (25) and (26). Under assumption 7 cal results for the coolant and condensate outlet conditions
the vapour mass flow rates leaving the inner and outerare also obtained. The rectifier discretization and solution
regions of the next turn sections are obtained with Egs. (27) method allow obtaining the temperature, concentration and
and (28), respectively. mass flow profiles of the vapour and condensate, the coolant
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120

Table 1 |
110 4+ a=90° inn
Rectifier geometry 90° out

Dro [m] 0.073 100

Dyj [m] 0.043 = 270° inn

Dy [m] 0.058 e % 7 N, 270° out

Do [M] 0.008 F 80t N

Dy [m] 0.006 ]
hp [m] 0.012 70 +
ki m-lg-1 13 1

W [VV ] 60 +

50 T + T t T t T t T + T
Table 2 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Operating conditions height (m)

p [bar] . 116 Fig. 4. Vapour phase temperature profiles along the rectifier height for
My out [kgh™7] 15 different angular positionéx).
xv out [kg-kg—1] 0.995

Ty in [°C] 120 120

Me [kg-h—] 85 ST The S

Tc in [°C] 20 100 1
rs [Mm2.K-W1 0.0002 5 1

2 80+

temperature profile, as well as the interface temperature, in—§ ]
terface liquid and vapour concentrations, coiled tube tem- g 607

perature, ammonia and total molar flux transferred between+

phases, rati@ of ammonia to total molar flux, heat and mass 407
transfer coefficients and heat transfer fluxes. Furthermore, a

parametric analysis was carried out in order to investigate 20
the parameters that influence more significantly the rectifier
performance and behaviour.

Fig. 4 shows the vapour phase temperature profile alongFig. 5. Average temperature values at the turn outlet along the rectifier
the rectifier height for different angular positiomsn a coil height.
turn. As an example two different angular positions have
been represented for the inner and outer coil sides. Theouter tube wall temperatures are closer to the liquid phase

Turn number

height for theith turn is obtained from Eq. (29). temperature than to the cooling medium temperature, which
D in denotes that heat transfer resistance is higher in the cooling
H=(G-1) - -hp+ ZL ~hp— %'(ﬂ) (29) medium. However, in the lower turns, the film thickness is
- TT

higher and the liquid and coolant heat transfer coefficients
The vapour temperature decreases from the bottom to theare of the same order, thus temperature differences in the
top of the rectifier. Differences in the vapour temperature liquid film and cooling medium are similar.
between the inner and outer sides of the coil for a constant Fig. 6 depicts the temperature profiles for the coiled
value are very small for the input data considered and cannottube transversal section of the 8th turn and angular position
be distinguished in Fig. 4. Moreover, for a given turn, a « = 30°, which can be considered as a generic position in
similar temperature profile is obtained in the vapour phase the rectifier. The major heat transfer resistances are easily
for any« angular position. identified in this figure. The bulk vapour temperature slightly
Analogous temperature profiles for differamtangular decreases from the bottorg & = or 8 = —x) to the top
positions are obtained for the liquid phase, the liquid-vapour (8 = 0) of the tube, while the liquid temperature increases
interface, the cooling medium and the inner and outer tube as it slips downwards over the tube. In the top and bottom
wall. Thus, in Fig. 5, only average temperature values at the positions of the coiled tube cross section, the interface
turn outlet are represented in order to simplify comparisons temperature increases because the liquid film thickness is
between them. Fig. 5 shows that the liquid phase temperaturemuch higher and therefore the liquid heat transfer coefficient
and the cooling medium temperature increase from the topis reduced significantly, as shown in Fig. 7. As a result, since
to the bottom of the rectifier. This figure also shows that the in this region of the tube the vapour and cooling medium heat
bulk liquid temperature is slightly lower than the interface transfer coefficients are approximately constant (see Fig. 7),
temperature, while the bulk vapour temperature is somewhatthe interface temperature increases slightly and the inner
higher than the interface temperature. This indicates thatand outer tube wall temperatures are closer to the coolant
heat transfer resistance is much higher in the vapour than intemperature. Under the assumption of constant cooling
the liquid phase. In the upper turns of the rectifier, inner and medium temperature in a coiled tube cross section, the
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Fig. 6. Temperature profiles for the coiled tube cross section at the 8th turn Fig. 8. Average values of the ammonia molar concentration andzrateng
and angular positionr = 30°. the rectifier height.

2500 13000 . i
= lower than the bulk vapour concentration. Moreoveis
[T=uc

——hy + 12000 greater than zero and always lower thgn which means
2000 1| . . . .

that ammonia and water are condensed into the liquid phase
% 1500 . — and that the fraction of ammoniato the total amount of moles
£ + 10000 & condensed is lower thaf;. As a result, since water molar

O + 11000
X

%1000 1 1 9000 g fraction of the condensed vapour is higher than th.e bul_k
2 — £ vapour concentration in water, the vapour becomes richer in
S oo | [ 8000 ammonia and the ammonia liquid concentration decreases
1 7000 because the water content of the condensed vapour is also
0 s —-—— high_er than the water liquid goncentration. _ _
o omBE -md 0 w3 2m3 Fig. 9 shows the ammonia molar concentration profiles

and the ratiq; profile for the coiled tube transversal section
of the 8th turn and angular positiam = 30°. As stated
Fig. 7. Heat transfer pgeﬁicients for the coiled tube cross section at the 8th hefore, ammonia vapour and liquid concentrations increase
turn and angular positioa = 30°. from the bottom to the top of the rectifier. Equilibrium
concentrations are lower in the top and bottom positions
model predicts that in the lower sections of the tube where (8 = 0 andg = ) of the coiled tube cross section, since
the film heat transfer coefficient decreases considerably, thethe interface temperature at these points is higher, as shown
tube wall temperature decreases, which is also observed inin Fig. 6.
upper turns for the liquid film temperature. However, a net  Fig. 10 shows liquid and vapour mass transfer coefficients
positive temperature rise is observed for the entire tube, andfor the 8th turn and angular positian= 30°. The vapour
therefore, the liquid and tube wall temperatures increasemass transfer coefficient is approximately constant, while
from the top to bottom of the rectifier, as indicated in Fig. 5. the liquid mass transfer coefficient drops significantly in the
Fig. 8 shows the average ammonia molar concentrationtop and bottom positions, where the liquid film thickness is
values of the liquid and vapour phases at different turn num- higher.
bers. The vapour solution becomes richer in ammonia as it  Fig. 11 shows the average values over the different turns
rises through the rectifier; however the bulk vapour concen- of the total and ammonia molar flux profiles along the
tration is always lower than the interface vapour concentra- rectifier height. The total molar flux is always higher than
tion. This figure also shows that the bulk liquid concentration the ammonia molar flux, therefore the ratiois always
decreases as the liquid condensate descends through the reswer than unity (as shown in Fig. 8) and condensation of
tifier and is always higher than the equilibrium liquid con- water from the vapour phase takes places at every point
centration. In the upper turns of the rectifier, the bulk and in the rectifier. Since the liquid flow increases due to the
the interface liquid concentration values obtained are very progressive vapour condensation, the liquid film thickness
close, however, for the lower turns, the differences observedalso increases from the top to the bottom of the rectifier and
are similar to those obtained between the bulk and equilib- consequently the liquid heat transfer coefficient decreases,
rium vapour concentrations. which explains the descent in the mass transfer fluxes in
The average value over the coil turns of the ratio of the upper turns of the rectifier. However, in the lower turns
ammonia molar flux to the total molar flux transferred of the rectifier, the model predicts that the ammonia and
is represented in Fig. 8. The ratiois always lower than  total molar fluxes increase as the liquid descents through the
the liquid interface molar concentration, and therefore, it is rectifier, which can be explained from the higher temperature

Angular position (rad): 8" turn, a=30°
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Fig. 10. Mass transfer coefficients for the coiled tube cross section at the Fig. 12. Average values of the diffusive and drift molar fluxes terms in the
8th turn and angular positian = 30°. liquid and vapour phases along the rectifier height.

and concentration gradients between the liquid and vapour Parametric studies were conducted to investigate the
phases, as shown in Figs. 5 and 8. effect of geometric and operating conditions on the rectifier
Fig. 12 shows the average values over the rectifier turns of performance. Each parameter studied has been varied while
the diffusion and convection or drift contributions to the net keeping all other constant and equal to the data given in
transport of mass in the liquid and vapour phases. The drift Tables 1 and 2. However, for the sake of brevity only
component of the mass transfer in each phase is the producthe influence of the heat and mass transfer coefficients are
of the total molar flux transferred and the equilibrium inter- presented here.
face molar concentration, thus similar profiles to the netmo-  Fig. 13 shows the parametric analysis of heat and mass
lar flux profile are obtained. The diffusion term in the liquid transfer coefficients on the number of turns needed to
region decreases slightly as the liquid descends through theachieve the desired outlet conditions. The liquid and vapour
rectifier while the vapour diffusion term increases as it rises heat and mass transfer coefficients and the coolant heat
through the rectifier. Fig. 12 also shows that in the upper transfer coefficient have been multiplied by a factor varied
turns of the rectifier, variations of the diffusion contribution from 0.1 to 25. The number of turns required is very
to mass transfer in both phases are insignificant comparedsensitive to the vapour mass transfer coefficient and varies
to variations of the drift term. As stated before, in the up- from 21 to more than 80 turns when the vapour mass
per turns of the rectifier the condensed molar flux decreasesransfer coefficient is modified while other heat and mass
considerably, thus, if the drift term decreases while the dif- transfer coefficients are kept constants. The liquid heat and
fusion term is approximately constant, the relative resistancemass transfer coefficients and the vapour and coolant heat
to mass transfer due to the diffusion term is higher. This transfer coefficients have a lower effect on the turns of
circumstance and the fact that the ammonia interface con-the rectifier. When the liquid heat transfer coefficient is
centrations decrease explain the steep descenfamfnd in increased, a negligible effect is obtained in the rectifier
Fig. 8. However, in the lower turns of the rectifier the drift turns because heat transfer is limited by the coolant heat
term and the diffusion term variations are similar, thus the transfer coefficient. Likewise, when the coolant heat transfer
ratio z profile should be smoother, as confirmed in Fig. 8.  coefficient is increased, no significant effect is observed,
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805 A —— i The implemented model results have shown that the
70+ by el interface temperature is nearly equal to the bulk liquid
he temperature, concluding that heat transfer resistance in the
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EPLES liquid interface molar concentration, which means that water
always condenses and that the liquid ammonia concentration
307 decreases as it descends through the rectifier. For a given
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Multiplying factor higher, because the liquid film thickness is higher and the

liquid heat transfer coefficient is significantly lower.
Fig. 13. Effect of the heat and mass transfer coefficients on the number of Parametric ana|yses have shown that the vapour mass

coil turns. transfer coefficient has the most significant effect on the
23 rectifier length (number of turns); while the other heat
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