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HIGHLIGHTS:

¢  Shell-and-tube condenser with minichannels isic@red.

e Sizing calculations of condenser dedicated taor{ieHP ORC unit are performed.

« In-house model of pressure drop and condensgtiapplied to heat exchanger sizing.
«  Experimental validation of the prototype sheltianbe heat exchanger is carried out.

Abstract: In this paper, the original compact shell-and-tbbat exchanger with circular minichannels
of in-house design and manufacturing is presensetthe condenser for the domestic micro heat and
power plant investigations as well as other futteehnical applications. The heat exchanger is
equipped with turbulizing baffles inside the sh&he shell itself is made of a tubular sleeve hgén
inner diameter of 0.067 m and the length of 0.38he tube bundle constitutes of 103 pipes arranged
hexagonally with the active length equal to 0.31Tine tubes inner diameter equals to 0.002 m and
the wall thickness is 0.001 m. The calculationshef heat transfer coefficient for the condensaition
the flow of the ethanol as a working fluid was ddnyemeans of several methods, among others the
one developed in-house. That model accounts fomthreadiabatic effects in the convective heat
transfer coefficient. The experimental validatiohtlbe prototype construction was accomplished.
During the tests the condenser was cooled by waitér ethanol as a working fluid. The obtained
results are in a good consistency with the in-honsdel predictions.

Keywords: Shell-and-tube heat exchanger, Micro-CHP, Minictedsy, Condensation, Theory
application, Experimental analysis

Nomenclature

A - surface (rf)

B - blowing parameter (-)
Bo - boiling number (-)

c - specific heat (kJ/(kgK))
C - coefficient in EqQ. (1) ()
Con - constraint number (1) (-)
di - tube inner diameter (m)
Dp - hydraulic diameter (m)

f - friction factor €)
g - gravity (m/$)
G - mass flux (kg/(rs))
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- Galileo number

- function of void fraction in Huang et al. modeél
- distance (m)

- mass flow rate (kg/s)

- pressure (Pa)

- empirical correction factor (-)
- phase change number (-)

- heat flux (W/n)

- rate of heat (W)

- Prandtl number-§

- two-phase multiplier (-)

- Reynolds number)

- temperature°C)

- velocity (m/s)

- vapour quality (-)

- Martinelli parameter

Greek letters:

a - heat transfer coefficient (W/())
A - difference value

n - efficiency

A - thermal conductivity (W/(mK))
U - viscosity (Pa s)

0 - density (kg/m)

o - surface tension (N/m)
Subscripts:

E -ethanol

el - electrical

exp - experiment

IE - liquid ethanol

VE - vapour of ethanol

f - frictional

[ - inner

in - inlet

out - outlet

Pb - pool boiling

T - turbine

w - water

1f - single-phase
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2f - two-phase
2f b - two-phase — boiling
2f ¢ -two-phase — condensation

1. Introduction

European Union energy policy places an emphasth@energy efficiency improvement,
energy sector security and the need for energyustaxh diversification in the member
countries. To fulfill these requirements the pautic tasks were defined. They are realized
through the rationalization of classical energynteslogies (based on the combustion of fossil
fuels such as coal and gas) and searching for negtions of cogeneration/trigeneration
energy production in the distributed systems (oftesed on renewable energy resources).
The role of the distributed systems is to assistddntralized system operation. The current
approach to the electric energy production is d kihprosumer one, in which the system user
can be the energy consumer and also its sellehegoower grid. In accordance with the
micro-CHP potential analysis of the European maikthe distributed systems (micro CHP)
can be divided in three groups namely: systems witarnal combustion, systems with
external combustion and fuel cells (Fig. 1). Theiaoawareness and then public interest in
such systems are constantly increasing and th@eated sale in selected EU countries in
2030 is listed in Table 1 [1].

Gasengine

Internal
combustion

e | [

SOFC

PEM FC

Fig. 1. Micro-CHP technologies [1].

Tablel

Expected sale of micro-CHP systems in selected @lntcies in 2030 [1].

country thousand units/year country thousand wmmts/
United Kingdom 763 Ireland 35

Italy 742 Austria 27
Netherlands 303 Poland 27

France 289 Czech Republic 26

Spain 276 Hungary 22
Germany 215 Portugal 22

Belgium 89 Romania 18



http://mostwiedzy.pl

Considering the mentioned in Fig. 1 technologies their development, the ORC system
seems to be the closest to the commercializatagestrom a variety of micro-CHP domestic
units. Research works regarding this topic are gotedl in many research centers around the
world, just to mention a few [2-4]. However, it sl be pointed out that the practical
realization of the organic Rankine cycle (ORC) inmacro-scale (the electrical power
production below 10 k\Y is still a kind of technical challenge. Such at unust be equipped
with small size turbine or expansion machine ad waglhighly efficient and compact heat
exchangers (evaporator and condenser, sometimes tla¢s regenerator), as the overall
footprint of the installation should not be toogar This is the reason why novel constructions
of recuperators or enhancement mechanisms are tstmugin the literature, a description of
many active, passive or combined techniques of tn@asfer rate augmentation can be found.
One of the common ways of increasing the heat feagsefficient during the two-phase flow
convective heat transfer is to reduce the chanimetmkions [5, 6]. In such a case often
laminar flows are encountered. The intensificatainheat transfer in the case of circular
channels with laminar flows can be based on diffekinds of inserts [7]. A lot of methods
are applied to increase the thermal performancéesit transfer devices such as treated
surfaces [8], porous surfaces [9], rough surfad€q, [coiled tubes [11] or surface tension
devices [12].

Researchers have been developing a prototypeeotdgenerative boiler for household
applications for some time now. It should be margmthat the complete system of such kind
was not reported so far. A demonstration prototypiero-CHP unit based on ORC
technology was developed [13]. The system consistaie ORC module (with ethanol as a
working fluid) coupled with the commercial gas leoithrough the loop with the heating oil.
The boiler is commercially available on the markatl used in many houses. The idea of
such a system is to produce electricity for houkkddemand or for selling it to electric grid —
in such a situation the system user will becameptiosumer. Investigations show that the
boiler with a thermal power of 25 kW was able toypde the saturated/superheated vapour of
ethanol at proper conditions needed in the ORCGerysind it can be utilized as a heat source
in the domestic micro-CHP. The tested system cpubtdluce electricity in the amount of 1
KW, [14].

In the paper, a prototype of the compact shelHabe condenser with circular
minichannels of in-house design and manufactusngrésented as the unit for the domestic
micro CHP investigations as well as other futurehiecal applications. The calculations of
the convective heat transfer coefficient in theetulfior the prototype of the condenser were
accomplished based on the semi-empirical modeleldped in-house, which accounts
additionally for the non-adiabatic effects. Theutes of the heat transfer calculations were
compared with the predictions by other correlatienailable in the literature [16-21]. An
experimental validation of the prototype constroictivas also done — the tests were provided
using the authors own micro-CHP installation meamdiw above. During this study the
prototype construction served as the condensereddny water with ethanol as a working
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fluid.

2. Sizing of the condenser

Based on the first author's own experience witmpact heat exchanger technologies
[10,22,23], the novel shell-and-tube heat exchamgér minichannels dedicated to the ORC
module integrated with domestic gas boiler wasgie=i. The construction with one shell
pass and one tube pass (cross-counterflow modpeshtion) was chosen. At the beginning
of the design process, it was assumed that theldubdle would consist of smooth straight
pipes of inner/outer diameter equal to 0.002 n@0D.m, respectively, while the shell would
be constructed of 0.067 m inner diameter cylin@&sign activities were supported with the
theoretical modeling of single and two-phase coneacheat transfer and hydraulic
resistance. The input parameters used in the edicos were defined in the basis of prior
own experimental analysis regarding the micro Cétfinology with ethanol as working fluid
[13]. These parameters were also confirmed with design of the prototype micro
turbogenerator. The values of applied in a calaigbrocedure parameters are listed in Table
2. The essential physical properties of water dahdrml were taken from Refprop 9.0 [24]. In
Table 3 the selected properties of ethanol at aatur temperature 45C are presented. The
theoretical considerations are described below. @dlculations were performed with
Engineering Equation Solver (EES) [25].

Table2

The input data used in a calculation procedure.

Parameter Value
Rate of heat, (kW) 20
Condensation temperature of ethantl)( 45
Ethanol mass flow rate, (kg/s) 0.022
Vapour quality, 1-0
Water inlet temperature5Q) 13
Water outlet temperature Q) 35
Table3

The selected properties of ethanol at@524].
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Property Value

Heat of vaporation, (kJ/kg) 898.8
Density of saturated liquid, (kgAn 768.1
Density of dry saturated vapour, (kgjm 0.4078
Dynamic viscosity of liquid, (Pa-s) 0.75710°
Dynamic viscosity of vapour, (Pa-s) 9.07910°
Thermal conductivity of liquid, (W/(m-K)) 0.1597
Thermal conductivity of vapour, (W/(m-K)) 0.018
Specific heat of liquid, (kJ/(kg-K)) 2.75
Specific heat of vapour, (kJ/(kg- K)) 1.601

AN\ MOST

2.1. Thermal-hydraulic calculations

The algorithm of thermal-hydraulic calculations tbe condensation heat transfer was
executed based on the iterative method. As it wastioned before, the in-house semi-
empirical correlation [15] was used to describe ftbew condensation in minichannels. This
correlation accounts the non-adiabatic effectshie determination of the convective heat
transfer coefficient, which modifies the frictiomegsure drop term and subsequently the heat
transfer coefficient.

In accordance with the general correlation [1% Heat transfer coefficient in the two-
phase flow (boiling or condensation) is describgdhe following equation:

2
az¢ C |a
—=\/R2f”+—[—”’} (1)
ait 1+P aqt
where:a;; - single-phase convection heat transfer coefftaxé ethanol,
Rx  —two-phase flow multiplier, defined as:
Ap,¢
2f = (2)
Apy ¢
P — empirical correction factor,
arp  — pool boiling heat transfer coefficient,
C — coefficient:C = 1 (flow boiling),C = 0 (flow condensation),
n — exponentn = 0.76 (turbulent)n = 2 (laminar).

The empiricalcorrection factorP in Eqg. (1) is needed in the case of flow boilingdas
described as:

P = 2530107 [Reg " 'B0%® [Ry; p, —1) 7% (3)

where Bo is the boiling number, Res the Reynolds number for the liquid ethanol #mel
Ror p — multiplier for the flow boiling.

The method described by Eg. (1) has a generalicapglty and can be used in the
determination of heat transfer in both the flow lingi and flow condensation in the
conventional size channels as well as the minickianihe main assumption in the modeling
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process of the flow boiling/flow condensation wakated to the fact that the fluid in the flow
boiling / flow condensation was treated as an hamegus with the properties of the two-
phase mixture. Moreover, it is modeled as a surtwof contributions leading to the total

energy dissipation in the flow, namely the enerpgigation due to the shearing flow without
the bubbles and the dissipation resulting from lithbble generation/collapse [26]. During
flow condensation the heat transfer coefficiemt ¢) can be calculated from Eq. (1) at the
assumption that C=0. This results in the omissioin® part of the model connected with the
bubble generation, which is not present during eosdtion. In this case the equation (1)
reduces to the form:

—— =Ryt ¢ (4)
IE

whereRy ¢ is a two-phase flow multiplier appropriately fortated for condensation.

The equation describing the two-phase flow mudiptiakes into account the non adiabatic
impact for the two-phase multiplier during flow cdemsation. Depending on the structure of
the flow it can be described as:

RO+ 2) for annular flow

R2f_c = 2 (5)
R\/1+[ 8Larpy [0 J for other flow structures

Ag [Reg Prg [F, [R

where B — blowing parameter,

d; — inner diameter of tube in the bundle,

e — coefficient of liquid ethanol thermal conductyi

f. — friction factor,

R — two-phase multiplier.
In Eq. (5) there is no specification of which thetphase flow multiplier model should be
applied. That issue is dependent upon the typeoabidered fluid. In the present study
leading to the development of the minichannel lee@hanger the Miller — Steinhagen and
Heck correlation [27] modified by D. Mikielewicz dn). Mikielewicz [15] to account for the
surface tension forces for applicability in the #rdeameter channels, which reads:

R={1+ 2{1—1JD<[Conm:|E(1—x)% sl (6)
f1 f1z
In Eq. (6), in the case of the conventional diamefehe channels the value of the exponent
m=0 whereas in the case of the small diameter cheumwe-1, f; andf;, are the functions
which take into account the flow reginfe;s defined as a ratio of pressure drop in thelsing
phase liquid to the pressure drop in the singlesplapour, whereds, is defined as a ratio of
heat transfer coefficient in the single phase fadwhe vapour to the single phase heat transfer
coefficient for the liquid.
In Eq. (6) Con is the constraint number, whichetaknto account the surface tension.
Surface tension plays a dominant role in the aveatif two-phase flow structures in small

-7-
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diameter channels [28]. The constraint number isrdeéned accordingly to the formula:

05
g
|:g(p|E ~PAE )}

d

()

Con=

where:o is the surface tension agd- gravity. For the laminar flow functiongdnd f, can be
expressed by the following formulas:

fl:ﬁE& (8)

Hue Pe
y 15
flz — Hve DCIE Eﬁ IE j (9)

He Ce (Ae

After substituting the liquid and vapour ethanolygibal properties to Eqgs. (8) and (9) the
following values were obtaindg = 0.0427 and,,= 0.5093.
The blowing parameter which is a part of Eq. &) is defined as:

2y PE

B= PvE (10)
f, [G(s—1) hy,

wheres is the slip ratio, which can be determined from Zlivi formula [29]:
5=/ LPE (11)
va

The distribution of the two-phase flow multipliRy o) dependent on the quality)(is
presented in Fig. 2. The obtained values of thet hemsfer coefficient during the
condensation of the ethanol in the minichaninel ) are summarized in Fig. 3.

40 e ——————————————T

35
30-.
25
N 20..

154

o+
00 01 02 03 04 05 06 07 08 09 10
X

Fig. 2. Two-phase multiplier distribution versus qualifytioe ethanolGe = 68 kg/(nfs),
di=0.002 m.
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X
Fig. 3. Distribution of the heat transfer coefficient dugithe flow condensation of the ethanol

Ge = 68 kg/(nfs), di=0.002 m.

In the heat transfer process modeling, on the watlkr (heated fluid inside condenser), the
correlation for the cross-flow across a bank oftutwas applied. For the staggered tube rows
in the bundle, the Nusselt number can be defind8@s

; P 025
a I
Nu,, :c[b) (ReW)m(PrW)n{PrWV_VVJ (12)
where the coefficient, r, m, and n in the range of the Reynolds number values
10°<Re< 2-10 are equal toc = 0.35,r = 0.2, m = 0.6, n = 0.36, respectively. The
coefficientsa and b are defined in the basis of geometrical dimensi(ihe notation is
consistent with Fig. 4):
a=dL,  p=22 (13)
do do
The heat transfer coefficient was determined bytthasformation of the Nusselt number
definition:
Aw [Nu,,
a, ="+ " 14
w="p (14)
whereA is the thermal conductivity of the water abglis the hydraulic diameter defined as:
D? -n Ecblg
D+nld,

Dp = (15)

In EQ. (15)n is the number of pipes in the bundle.
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De67

Fig. 4. Scheme of staggered tube rows in the bundle.

The pressure drop on the shell side is an effettteocooling water inflow dynamics and
the presences of the baffles, which ensure thaulemb flow. It depends on the number of
pipes in the bundle, and the number of baffles. tbie pressure drop was determined using
the Kern method [31]:

fr G2 [Ng +1) D

014
2Lpy EDhEE H J

wW_w

(16)

APghell =

where:fr — friction factor,

Gs — mass flux of water,

Ng — number of baffles,

D — inner shell diameter,

Dy, — hydraulic diameter of the shell.
The shell side friction coefficient includes thdetnand outlet losses and can be calculated
from the formula [32]:

f; =expg 0576- 0190n(Re,,)) + C; (17)

whereC; is the friction corrector factor. It is dependemt the tube pitch and tube diameter
ratio and the Reynolds number.

The pressure drop on the ethanol side (the cdbletiinside the condenser) is the result
of the phase change (condensation). Furthermaegyrisssure drop inside the tubes is caused
by friction during the two-phase flow and the aecation of the fluid caused by the phase
change. The change of hydrostatic pressure inrthlyzed condenser is negligible due to the
small length of the tubes in the bundle. Thereftine, tube side total pressure drop was
calculated by knowing the two-phase multiplier #imel single-phase flow pressure drop:

4dpys = RMpg ¢ (18)

The two-phase multiplier was calculated with EqQ. {B1e pressure drop of the liquid ethanol
single-phase flow in a single tube was describethbyollowing relation:

-10 -
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L
App = 1y Bd__[O-SEbIE mé (19)
i

wheref; is the friction factor (defined for the laminaoW asf,=64/Re), L is the length of the
single tube,d; — the inner diameter of the tube in the bundle apd- the mean ethanol
velocity inside the tube.

The pressure resilience calculations of the pteseheat exchanger construction were
done in accordance with the relevant standardshi®mpressure equipment provided by the
Office of Technical Inspection [33]. It was verifief the assumed wall thickness of the
particular components (shell, tube sheet, bottomg aonnections) were sufficient to
withstand the working stresses. For this purpos®uws pressure and temperature values up
to the maximal pressure of 3 MPa and temperatu200fC were applied to the system. In
all of the analyzed cases the working stresses loes than the admissible ones.

2.2. Flow condensation heat transfer coefficiesbmparison with the correlations

The analysis of the ethanol condensation heasfieamvas also done with the application
of the models available in the literature. Sincedslmg of two phase heat transfer is very
complex and causes higher level of uncertaintidg thre well-known correlations were used.
The models regarding the annular flow in the cotigeal channels and minichannels were
chosen. The calculations allowed the comparisorh wviite semi-empirical Mikielewicz
correlation [15] applied in the designing procetshe presented heat exchanger prototype.
The correlations due to Akers et al. [16], Shah,[Cavallini and Zecchin [18], Boyko and
Kruzhilin [18], Huang et al. [19], Park et al. [2@hd Kim and Mudawar [21] have been
selected for comparisons.

A pioneering work of flow condensation modelinghddoy Akers et al. [16], is valid for
the most commonly found flow structure, namely @haular flow. The model was developed
on the basis of experiments with propane, methandlrefrigerant R12.

Empirical correlation due to Shah [17] is one loé tmost general and widely used for
calculations of heat transfer coefficients in floandensation. It has been developed on the
basis of the experimental data accomplished forewd®11, R12, R22, R113, methanol,
ethanol, toluene and trichloroethylene flowing iertical, horizontal and inclined tubes
(di =0.007-0.040 m). The formulation of this modelsweoncluded that in the case of
nucleate boiling absence, which is the case fodensation, the heat transfer coefficient
should be close to the one for the annular flowcstre.

Another model used for comparative purposes issdmi-empirical model proposed by
Cavallini and Zecchin (cited in [18]). It was elabted based on the experimental data
collected for the condensation of a variety of orgaefrigerants (such as R11, R12, R22,
R113) in horizontal and vertical pipes.

The Boyko and Kruzhilin correlation (cited in [18% also applied in the condensation of
flow annular structure. It was developed on theésdatthe experimental data accomplished

-11 -
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for steam and R22.

Among the correlations recommended for minichasigethe correlation due to Huang et
al. [19]. It came from the experimental investigas of a mixture of refrigerant R410A and
oil (concentration up to 5%). Tests were condudteside the horizontal tube with inner
diameter of 0.0016 and 0.00418 m.

In the case of Park et al. approach [20] the maded proposed in accordance with the
flow condensation experimental study of refrigesai®134a, R236ea and R1234ze in
vertically aligned minichannels. The hydraulic deter of the rectangular cross-section was
0.00145 m. In this model a geometrical relationMeein respective Nusselt's numbers was
assumed, namely the Nusselt number in the forcecembive condensation and gravity
controlled convection condensation.

A universal approach to the condensation heatsfieanfor mini- and microchannels
modeling was proposed by Kim and Mudawar [21]. Euwthors collected the abundant
experimental database, for the purpose of whichréselts were collected from various
research centers and it consisted of 17 workingglin the channels of hydraulic diameter in
the range 0.000424-0.00622 m.

Table 4 provides a summary of the selected cdiwel recommended for the mini- and
microchannels, whereas in Fig. 5 the results of elfsanol condensation heat transfer
coefficient calculations are presented. Ultimatéhg results obtained with Huang et al. [19]
correlation were not shown in Fig. 5, due to thecpancy reaching even several hundred
percent in comparison with the other correlatidnghe authors’ opinion the reason of such a
difference comes from the origin of this correlatiavhich was derived for the mixture of
organic fluid and oil.

-12 -
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Table4

Selected correlations describing the condensatai thansfer coefficient.

Author(s) Equation Remarks
08 05
Akers et al. _ Al 13 GL-X) X | P Fluids: R12, methanol,
ay o= 00267 Pr Lad B
(1959) - d 4y @—x) Pg propane
Boyko and 05
i _ o _ 08 p, 043 A Fluids: steam, R22,
Kruzhilin - |ao¢ . =a)|1+x — - » a1 = 0021Re; ™" Py, —
(1967) -c Py d; 1500< Re <15000
Cavallini P 05 Fluids: R12, R12, R21,
and Zecchija,; =2 005Re,®8 Pro33, R, = Rev[ﬂJ (ﬂ] +Rey R22, R113, R114,
(1971) - d Py Hi Re> 1.2-10°, d = 8 mm
Fluids: water, R11, R12
38y 076(1 — x)004 p) R22, R113, methanol,
Shah (1979)as¢ ¢ =a| [(1— x)08 + X2 5(3)8 , @) = 0023Re, 28 P %4 d_l ethanol, benzene, toluer
(P! Pkr) ™ i [trichloroethylene,
Re > 3000d, = 7-40 mm
a’zf_c :di\,Nqu + NUB2 )
i
R Fluids: R410A-oil
Huang et all Nug = o.msz(%} Rey 77 (— 033+ 083Pr, 0-8), mixture
(2010) t 025 d=1.6and 4.18 mm
Ga P Cpol \Tsat =~ Twall i
Nug = 0725[H (E)EE a Pr J . Py = pl( sat wall .|)
Ph hyy
R
ot . :i\/NuFZ +Nug? , Nug =0.0055Pn 37| 21 |Re, 07, _
-7 dj Xt Fluids: R134a, R236ea
Park et al.
(2011) a pr 075 gl_zeﬁg,
Nug = o.74e(1—e‘°-85@) [H (¢) [E—a' f ] h = LAsmm
Ph
Kim and .
A R
Mudawar (¢ ¢ = 2 0048Re, 069 Pr 032t gat_a(;‘oizliélglg;m
(2013) dp Xt b= 0. .

40 —————r———————————

—— Mikielewicz

1 ----Cavallini-Zecchin

------ Boyko-Kruzhilin i

304 ----- Kim-Mudawar i
------- Park et al. i

E [— AkersetaL

[ Shah

00 01 02 03 04 05 06 07 08 09 10

Fig. 5. Results of the ethanol condensation heat tragskficient calculations.
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As can be seen from Fig. 5 there is a signifiadiatrepancy between the predictions
obtained using different correlations from therhtere. It ought to be borne in mind that
some of the correlations, namely due to Akers gtBdyko and Kruzhilin, Cavallini and
Zecchin as well as due to Shah were developeddondensation in channels featuring the
diameter greater than 6 mm, which these days iardeg as conventional channels. The
correlations due to Park et al., Kim and Mudawawael as the one due to one of the present
authors are applicable to minichannels, i.e. diansegmaller than 3 mm. A correct qualitative
behaviour is represented by only three correlatinamely due to Boyko and Kruzhilin, Shah
and Mikielewicz. In these correlations the asymiptdbehavior of the heat transfer
distribution is correct, however, quantitative diffnces are present. A similar distribution is
presented by the correlations due to Shah and Mikiez. Some of the literature studies
indicate that the model due to Shah is a recomnuketatd in the calculation of heat transfer
in flow condensation, so in the present case it assimed as a reference of heat transfer
calculations. In the considered example howevercti@lenge is to predict accurately the
condensation of the fluid, for which the applicabterelations were not validated. That is the
major reason for the discrepancy between the moddiat is not present in the model
described by Eq. (4) which is independent of theetgf fluid. Many tests confirmed a good
performance of the model in predicting the heatndfer deficiency coefficient in
condensation. The model was also tested for thwe Ifloiling of the ethanol, showing a good
consistency. Therefore, the subsequent sizing legions of the heat exchanger were carried
out based on the predictions of the Shah’s modiEan (4).

2.3. Shell-and-tube condenser with minichannels

As it was mentioned earlier, the tube bundle wesembled with the tubes which inner
diameter equal to 0.002 m, thickness of the wallaétp 0.001 m and active length of 0.31 m.
To ensure the diversion of the flow across the bund obtain higher values of the heat
transfer coefficient due to turbulization the begflwere installed inside the shell. They also
support the tubes for structural rigidity, prevagtitube vibrations and deflections. The
baffles covered 80% of the shell cross-section 84 were made of 0.001 m thick steel plate
and were equally spaced arranged along the tubedlduAll heat exchanger components
were made of stainless austenitic chrome-nickal §&6L according to AISI standard. The
tubes were connected with the tube sheets usind Bewelding technology same as the
other joints. The shell was made of 0.073 m dianm@fee, while the heat exchanger end faces
and bundle tube sheets were made of 0.005 m théek plate. The heat transfer area was
equal to 0.4 M heat exchanger entire length was 0.37 m anddightwas 5.4 kg.

The presented heat exchanger was designed asdansam operating in the micro CHP
system. The ethanol was chosen as the working mednd its condensation was occurring
inside the tubes bundle. Water was used as thengooiedium, therefore it was flowing
through the shell, watering the tubes. For theutaton purpose the following assumption
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was made: ethanol entered the heat exchanger abyttsaturated vapour and left it as the
saturated liquid.

The axonometric views and photography of the rhiammel shell-and-tube condenser are
presented in Fig. 6. Its geometric details aredish Table 5.

2

Fig. 6. Original shell-and-tube condenser with bundle maideinﬁubes.

Table5

The characteristic dimensions of the condenser.

Parameter Value
Inner diameter of shell 67 mm
Number of pipes in a bundle 103
Active length of tube in the tube bundle 310 mm
Inner diameter of tube 2 mm
Wall thickness of tube 1 mm
Heat exchange surface 0.4 nf
Number of turbulizing baffles 9
3. Experimental

The designed shell-and-tube condenser was implethan the micro-CHP unit. The
laboratory stand (schematically shown in Fig. 7hiisists of a gas boiler as an autonomous
source of heat (1), oil pump (2), oil flowmeter,(8yaporator of ORC module (4), turbine and
generator inside common casing (5-6), condensereffignol pump (8), ethanol flowmeter
(9), cooling water flowmeter (10), safety equipméii,12), throttle valve (13). The general
view of the facility is presented in Fig. 8, whilee view of the turbine combined with the
original condenser through the compensator is showng. 9.
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Fig. 7. Schematic of the domestic micro ORC system.

The domestic gas boiler (De Dietrich company) a8 heat to the thermal oil
Mobiltherm 603. Oil is an intermediate heat transfeedium circulating in a closed loop
between the boiler and evaporator of the vapoutecyith working fluid dehydrated ethyl
alcohol. Oil circulation in the loop was ensuredtbg Wilo ST20/6 pump with a maximum
volume flow rate of 3.5 fith and a maximum head of 6 m. A vane flow meter used to
measure the volumetric flow of oil. The circulatiohthe ethanol in a closed loop of the ORC
module was provided by a hermetic gear pump (Tlutmibdel TXS2.6) with magnetic
coupling of a nominal volume flow rate of 0.4/mat a differential pressure of 10.3 bar. The
adjustment of the pump’s efficiency was possiblechynging the frequency. A Danfoss
Coriolis-type mass flow meter MASS 2100 working wWiMASS 6000 19” IP20 signal
converter was used to measure the liquid flow ef ¢ithanol. The working fluid passing
through the evaporator received heat from the theoth and evaporated to reach the state of
the vapour with the applied appropriate heat flsaturated/superheated vapour was directed
to the ORC turbine, where it expanded and thendtbwo the condenser. The turbine was
connected with the condenser by means of a flexaiblapensator providing the damping in
the system. During the facility start-up phase thebine was always bypassed by the
throttling valve to obtain the required vapour paeters. After that the valve was closed. As
it was mentioned earlier, the condenser was cdmyedater. The water volumetric flow rate
was measured by the Magflo (MAG 3100) electromagriletwvmeter. After the condensation
process, the liquid ethanol was turned back tae¢kervoir.

The key element in the installation is the axi&naturbine [35] designed and constructed
for the needs of the prototype micro-CHP, with #marol vapour as the working fluid. The
generator is set on the turbine shaft, directlyimalits low-pressure section — the turbine and
generator assembly therefore have a common cabheg.microturbine is equipped with a
single supersonic turbine stage (the Mach numbg#reabutlet of the steering rack is 2.4, the
design rotor speed is 36000 rpm). The design alcofass output is 25 g/s, its vapour
pressure at the turbine inlet is 7 bar, and th@wapressure after expansion in the turbine is 1
bar. The turbine’s bearings are lubricated by thamol vapours.
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Fig. 8. General view of the micro-CHP Fig.9. View of the turbine combined with the
ORC unit. novel shell-and-tube condenser through the
compensator.

A R

During the experiments the pressure was measusiad the calibrated Bourdon pressure
gauge, programmable pressure meters WW-11N and A&AB253 transducers (with
accuracy of 0.15% of the whole scale). The tempegain the characteristic places of the
circuit was measured by the T-type thermocouplék accuracy at the level of +0.3 K. Such
a level of thermocouples accuracy was obtained tduan individual sensor calibration
procedure done by the system of very high accurBlog.thermocouples were connected with
the CROPICO 3001 acquisition system, which had @atermal reference temperature
stabilizer. The results of the uncertainty analgsespresented in Table 6.

Table6

Uncertainty of individual measurements.

Parameter Operating range Uncertainty
mass flow rate of ethanol (g/s) 15-20 +0.1%
mass flow rate of water (g/s) 150-220 +0.5%
temperature (°C) 10-150 +0.3°C
pressure (MPa) 0.36-0.6 +0.15%

All the tests were carried out in steady stateddans. Generally, during the experiments
the boiler could produce the superheated vapouhefthanol under the pressure 0.36-0.6
MPa and at the temperature up to 143°C. The massréte of the ethanol was in the range
from 15 to 20 g/s. The temperature of the coolirjew at the inlet to the condenser was
about 13°C. However, only the results of the paldic measurement series are presented
here. They corresponded with the values used ithé@retical considerations, therefore were
taken to validate the thermal effectiveness of théhnouse designed and constructed
condenser. These results referred to the etharssd fiaw rate equal to 20 g/s, ethanol vapour
quality of about 1 at the inlet to condenser arso #he cooling water temperature being in the
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range 13-35°C. On the basis of the measuremenitgeie following values have been
determined in the course of the experiments: tteeohheat received by the working medium

(ethanol) in the evaporato(,), the rate of heat gained by the water in the easdr Q o),

the generation of electric poweNd), micro-CHP electric efficiency rg), maximum
efficiency, i.e. Carnot cycle efficiency in the mimax working temperaturej€). The results

of the measurements and calculations are summanizdable 7. This table additionally
features: the mass flow rates of ethanoL), the temperature and pressure of the ethanol at
the turbine’s inlet1; i, Pr.n), the quality of the ethanol vapour at the condersnlet (e in),

the temperature of the ethanol subcooled liquithatcondenser’s outleT{ o), the mass
flow rate of the cooling waterrif,) and its temperature at the inlat, ) and outlet of the
condenserT(o)-

Table7
Performance of the micro-CHP unit with novel mirdohels shell-and-tube condenser.

condenser

Q in Nei Nel Ne F)T_in TT_in . . .
I Mg l:)Efin xEfin TE,out my, Tw,in Tw,out Q out

kW | kw % % MPa| °C g/s | MPa - °C als °C °C kw

21.26| 0.66 | 6.65| 22.530.573|130.4| 20 | 0.159 0.98 | 22.6| 218 13.7 35.2 19.63

21.29| 0.71 | 6.10| 20.660.529|129.6] 20 | 0.153 0.99 | 33.0f 206, 13.2 354 19.19

21.48| 0.76 | 6.40| 23.540.604|143.2| 19 | 0.156] - 23.2| 210| 13.5 35.0 18.84

* superheated vapoulypernear 4.7 K)

For the mentioned above condenser conditions, ¢énergtion of electrical power up to 0.76
kW was obtained. It corresponded with the micro-GHietrical efficiency in the range 6.1%

— 6.7%. It is very good performance in comparisathwhe data gathered in [2], which

exhibited the electrical efficiency below 5% foetgenerated electrical power about 1kW in
the ORC system equipped with turbine.

4. Summary

The novel design and manufacture of the shelltabd-condenser with minichannels was
presented. Its thermal and hydraulic charactesistiere calculated in the basis of several
theoretical models from the literature as well lass ih-house model. Significant discrepancy
between correlations was found.

The in-house model together with the model dugtiah were used to determine the heat
transfer coefficient during condensation insidetthizes.

The comparison between the considered correlatodsthe in-house mode showed the
good consistency and predictability of the in-hoosxlel.

Experimental validation of the prototype constimctwas also done — the tests were
provided using own micro-CHP installation with datie gas boiler. In the course of the
studies it was demonstrated that this installa¢giosured the thermal parameters of the vapour
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suitable for a prototype micro-turbine and the gatien of 760 W electric power. At the
moment the reached electrical efficiency was atléivel of about 6.7%, which was higher
than the reported data in the very last literaawerviews in the range up to 1kW of generated
electric power. The obtained performance of theéhanse micro-CHP system is very
promising and demonstrates its potential.
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HIGHLIGHTS:

Shell-and-tube condenser with minichannels isoEred.

Sizing calculations of condenser dedicated taos{€HP ORC unit are performed.
In-house model of pressure drop and condensegtiapplied to heat exchanger sizing.
Experimental validation of the prototype shelllanbe heat exchanger is carried out.
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