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ABSTRACT

Recovery of waste heat in industrial processes nisimportant component of energy savings
worldwide. At low temperature levels, thermodynasnprevents any high efficiency in the heat-to-
electricity conversion; such dedicated systems hauge optimized and should achieve a maximum
heat recovery, at partial and full load. These nexdi and technological problematic are also common
with renewable natural resources use (solar, gaotiebiomass). Supercritical organic Rankine cycle
is quite well investigated in the scientific comntynbut rarely experimentally studied, especialfit
design and dynamic behaviors of such systems. B#/IQTEN is developing a 10kWe prototypes of
supercritical ORC to investigate experimental pt#&trof such technology for low grade power
generation. The first task is to characterize warioomponents behavior in supercritical regimes. In
such cycles, the pump plays a strategic role, msupercritical operations the back work ratio leg
parameter to consider. Performance data of a maging pump drive by an induction motor with
variable speed drive are measured. Maximum pumipiaity achieve is 82% and maximum global
efficiency (pump & drive) achieve is 41%. Losses avaluated and a power model is proposed and
compared with experimental data. Results of thiskveam to give a better knowledge for ORC pump
design and optimization.

1. INTRODUCTION

Organic Rankine Cycles (ORC) are known since tHeckEhtury, but in recent decades research and
commercial development increased exponentially {{pu@t al, 2013).Most research focused on
nominal steady-state optimization, screening waykiluid and operating conditions. Optimization
criteria vary from study to study (energetic effioty, exergetic analysis, power, or cost). Several
study shows supercritical ORC have a high pote(iahuteret al, 2010; Shwet al. 2013) especially

in the low temperature range (~150°C) (Astdfial, 2014; Toffoloet al, 2014) but supercritical
conditions mean high pressure and more constrainsomponents. For components optimization,
most research focuses on the expander that isrifiealccomponents (Bao and Zhao, 2013), heat
exchangers and evaporators especially are alsstigated, but few researchers discuss of the pump.
However, Quoilinet al.(2013) describes the pump as a key componenstioaild be carefully chosen
according to its controllability, tightness, NetdRive Suction Head (NPSH) and efficiency. Pump
efficiency becomes a crucial parameter for low terafure and supercritical cycles. Back Work Ratio
defines as the ratio between pump electrical copiomand expander outlet power is introduced to
evaluate pump impact. In supercritical ORC, Maraateal. (2014) shows that pump efficiency have a
major impact on cycle exergetic efficiency. Usind.84a, cycle exergetic efficiency decrease from 46
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to 40% if the pump efficiency decrease from 75 @0%. From authors’ point of view, it is therefore
essential to investigate the pumping system foaid off design ORC operation. The author listed
only two pump efficiency correlation used for ORCodrls. A correlation is proposed by
Lippke (1995) for centrifugal pump, losses relatead the driver are also discussed.
Quoilinet al.(2011) uses an empirical correlation proposed bytev¢2006) for rotary positive
displacement pump and add a constant electromexaiafiiciency for driver losses. While most of
feed pumps used in experimental ORC are recipriggisitive displacement pumps. Furthermore, as
Miao et al. (2015) emphasized, confusions and simplificaticm® made about pump power
consumption and efficiency. Results of this stuiy 80 propose an experimental approach for pump
characterization, a behavioural off-design recipting pump model for losses and efficiency that can
be used for ORC system model, and provide knowledgets for pump selection and optimal use.

2. EXPERIMENTAL SETUP

An experimental investigation is carried out oniaptiragm pump integrated into an experimental
bench using R-134a as fluid. The test bench desttrib Figure 1 is use for subcritical and
supercritical heat transfer investigation. Thisgragnly focuses on the pumping system.
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Figure 1: Scheme of the test bench

2.1 Test Bench

The pumping system is composed by a diaphragm gWvigmner Hydra-Cell, model G03X), using a
triplex single-acting reciprocating positive disgganent technology. This technology is often used in
small supercritical ORC because of its tightnegs lsigh efficiency at high pressure, low flow rate.
And, a three-phase induction motor (Leroy-Sommeodeh LSO0L 1,8kW) integrating a Variable
Speed Drive (VSD) (Leroy-Sommer, model Varmeca 32g frequency can vary from 10 to 50 Hz,
corresponding to a shaft rotational speed fromt800500 revolutions per minute (rpm). At nominal
speed (1500 rpm), the volume flow is around 0,58 rand the maximum outlet pressure is 70 bar.
The pump is located at the bottom of the benchr afte&condensers to increase the NPSH. The fluid is
evaporate and expanded through a valve that cateopressure differential at the pump ends. The
electrical consumption is measured by a power tyuelamp meter. The mass flow rate is measured
by a Coriolis flowmeter. The shaft rotational speisd measured by an optical tachometer.
Measurement accuracy are shown in Table 1.

2.2 Test Description

In order to characterize the pump, different kilnfidests are done. Since there is no torque meter
between the motor and the pump, uncoupled motts é&e done to characterize the motor and VSD.
Experimental data cover the full speed range, ®2&lpoints. Unloaded pump test are done to estimate
the unloaded volume flowi;), valves are open to reduce the pressure diffiatestt the pump ends
(AP), 48 points cover the full speed range. For pumgdoad, total of 87 experimental points are
achieved, covering AP range from 0 to 35 bar at five different speeaftst350 to 650 rpm). For each
point, measurement are averaged during 1-2 mintdesmooth variations. NPSH is kept as high as
possible to reduce its impact on the volumetricciefhcy (Miller, 1988).
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Table 1 : Measuring range and accuracy

Variable Range Uncertainty
Supply pressure 0-17 bar + 0,3 bar
Exhaust pressure 0-50 bar +0,1 bar
Temperature 0-120 °C +0,5°C
Shaft rotational speed 0-1500 rpm +1rpm
Electrical power 0-700W +20W
Mass flow rate 0-0,1 kg/s +5.10kg/s

3. DATA REDUCTION

3.1 System Ener getic M odel

An energetic model of the pumping system is progdseFigure 2 to identify lossedi’,; is the
measured electrical consumptidfi,,,; is the mechanical shaft powe;_, are powers dissipated by
different components in the ambient environmenticdFpumping is assumed to be fast enough to
consider no heat transfer between the pump antiuilde I-i}:uw the power transferred by the pump

to the fluid is made oI-‘i’h}.d = [ v.dP the hydraulic power (ie. useful) and internaltfdos which are
represented by a fictive heat pov@t@j’ﬂu. Different efficiencies are defined from these powthe
global efficiency of the pumping systeMmigiopar = Wiya/Ws, the pump efficiency
Npump = Whya/Wmeer and the isentropic efficiency of the pump = Wiya /Wi pp -
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Figure 2: Energetic conceptual scheme of the pumping system

3.2Motor and VSD L osses

Motor and VSD dissipated power should be estiméteget the mechanical power. Assumptions are
made based on the literature review. De Almeidal. (2014) and IEC 60034-31 explained that losses
in VSD is a sum of constant loss and loss propeafido the output power. Kari (2009) performed
tests and showed that in modern VSDs, losses iser@é&h speed and torque. At low torque, losses
are nearly constant and independent of the rotatispeed. In tests performed for this study, motor
and VSD operate under 50 % of the nominal torqtiés Bssumed that VSD l0SS€g, . ,..:) are
constant, as did Depret al. (2010) for its VSD and motor losses approximation.

Induction motors have been more widely studiedrzorthalized, even under variable speed and load.
The IEC 60034-31 provide a part load efficiencyniala based on manufacturer motor data. In this
formula, motor losses are a linear function 1. ... Lietal.(2015) improved it with a new
correlation for motor efficiency drive by a VSD sasning the voltage is proportional to the frequency
at the VSD output. From this correlation and assigna constant power factor over the test, motor
losses are expressed 88;cmor = C2.Wa 05 + C3. 027 With Cz andCs constant parameters function of
motor design. Figure 3 shows estimated lossesh®ntotor used in this study, with both correlations
Correlations show small differences at nominal dpeerrelation developed by Li is used for motor
losses estimation. Therefore, the shaft powertismated with one empirical constar@.f for VSD
losses W oe niimee n: (L are respectively the nominal motor power, thecifficy and the rotational
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speed, provided by the manufactuildt, and () are measured parameters. The quadratic equalion (1
is solved to findii/,,

goh”

: : : : : 1 : W2 2
Woaen = Wa — Q!os,z:sri - Q!os,morz W —C — |:(__ 1) I'-Vm::.n(ﬂi? M"' 0,3 ):| {1}

= P
AFLo L
???‘."!ﬂ_?’. moLn ﬂn

From uncoupled motor tests, assumifigl,., = 0, experimental value d; is find to be240W

3.3 Pump Data

Volume flow rate is estimated from the mass flowerand the fluid density using pressure and
temperature at the pump outlet. Density, as oflnet properties, are computed with R-134a property
equations provided by Tillner-Roth and Baehr (19@#pd on EESW;iypp = M. ARy, and
enthalpy is computed from pressure and temperatifigdraulic power is define as:
Whya [W]=V [m3/s].AP [Pa]. Therefore),,. ., and Q.. s, are estimated. Volumetric efficiency
is the ratio between the real volume flal¥) @nd the theoretical flow, product of displaced.vaee by
rotational speed; = V;;.,,.f)). When the pump runs unloadedP(=0), 7,,; is near 100%.
Therefore, manufacturer theoretical flow is comgameith experimental no load flowVy).
Manufacturer displaced volum&.,) is estimated at 6,84 é¢mexperimental at 7,15 ¢imSince the
same method is used to estimate the volume flovo@m and unloaded, experimental no load flow is
taken to compute the volumetric efficienay,, = ¥/ V.
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Figure 3: Motor losses function of lo: Figure 4: Effect of AP on volumetric efficiency for different

mean rotational speed

4. RESULTS & ANALYSIS

4.1 Volumetric Efficiency

On load tests are performed at constant speedersfer Since an induction motor is used, slip
increases between the speed reference and thehafalspeed when load increase. Therefore, the
rotational speed should be measured at every stegpmpute corresponding no load flow and
volumetric efficiency. As shown in Figure 4 volumetefficiency if found to be dependent of the
pressure differential and rotational speed whiletheory, manufacturer data shown it is only
proportional to theAP. Manufacturer and experimental result should bepared with caution since
manufacturer data are mainly computed for cold wate

Literature shows different factors affecting thdwmetric efficiency. As previously noted, NPSH

affects the volumetric efficiency (Miller, 1988)ofreciprocating pump, the NPSHr is defined by
ANSI/HI 6.1-6.5 and 6.6 as a reduction of 3 % ie throlumetric efficiency compared to the max
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efficiency, at the same speed and pressure ditiatemherefore, sub-cooling is essential to keep a
good volumetric efficiency. Here, NPSH impact isgleeted. Reciprocating pumps use valves,
Miller (1995), Singh and Madavan (1987) and Johmg®91) mentioned continuous valve leakage
under high pressure and backflow when piston credgection due to delays in the valves closing. If
the closing delays is assumed to be inversely ptigpal to the rotational speed and since the numbe
of cycle is proportional to the rotational spedtk taverage backflow time is considered constant.
Therefore, backflow and continuous leakage arecqapiated by a continuous leakage flow rate using
the equation proposed by De Chargeres and Rey Y29, = A.AP/u with A an empirical
geometric coefficient.

V discharge

High Pressure High Pressure

a. End of suction c. Discharge

V max =
V dead + V disp

Low Pressure Low Pressure

b. Compression to Hp "8 Pressure d. End of discharge ~ "&hPressure

V max - T
6V compression

Low Pressure Low Pressure
Figure 3: Reciprocating pump discharge process

Fluid compressibility is the third and most impattefactor. This factor creates a likelihood of
confusion: the volumetric efficiency could be definusing the suction (Tackedt al, 2008) or the
discharge volume flow rate (Miller, 1995). Sincetleticonditions are used to compute the volume
flow, the second formulation is usedFigure 5 presents steps of the discharge protssthiermal

compressibility factofr = — % (g)r is introduced to write the volume discharge peol:
Vais = {Vmﬂx - ﬁvcom‘pmss'ion} —Vieaa = Vdis’p — AP. Sr. (Vriis-p + Vieaa) (2)
Adding valve leakage, discharge flow and volumegficciency equations are:
? . Videad AP
Udi-3= ﬂdep(i_ﬁPﬁr(i +E))—A: (3)
Vidis . Vdead | AAP
Mwol = AViisp 1-AP.fr (1 * V.iisp) .V gisp. £ (4)
Ca . Vdead
=1-(2+C5).AP  with Cy= e, and Cs= ﬁf.(i + K) (5)

Slope coefficients of Figure 4 are reported in Fégi corresponding tfa /01 + b) coefficient.Vy;sy iS
known from 3.3, and f; are fluid properties computed from outlet condiso Therefore,
geometrical leakage coefficient is estimatedl = 1,3.107 zm?® and the dead volume
Vieae = 5,5 cm®. Uncertainties on those values are high sinceethes only five data points used.
Data at nominal speed will give more confidencehiase results. However, manufacturer slope is
constant, which could be explained if valve lealkagere neglectedC4=0), and leads to a single
coefficientCs=0,000835 bar, close to the experimental or@€0,000837.
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Figure 6: Volumetric efficiency slope coefficient Figure 7: Unloaded mechanical power

4.2 Power & Pump Efficiency
Manufacturer proposes an equation to estimatectingined power:

Winecn = Cg-{1 + C7. Whyyg (6)
The first term corresponds to friction losses, skeond to pumping work efficiency. Manufacturer
coefficient values are compared with experimentthdCoefficientCs is estimated from unloaded
tests, the hydraulic power is neglected. For maui@acy, VSD and motor losses are not computed
from Equation (1) to estimatli’,._,. Instead, experimental losses from uncoupled isstsed. In
addition, the hydraulic power, even low, is subedgassuming-=1). Figure 7 shows two series of
test and the linear interpolatioBs is estimated ab,0723W/rpmwith the same order of magnitude as
the manufacturer valued,0711 W/rpm From on load tests, coefficie@; is estimated atl,212
(manufacturer:1,174. Mechanical power computed from motor & VSD modEhuation 1 with
experimentali’,;..) and pump model (Equation 6 with experimellzirag.d) are compared in Figure 8.
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From Equation (6), pump efficiency becomps,my = Whya/(Cs-0 + C7. Wyyq) Miller (1995) and
Tackett (2008) have the same kind of pump effigfesependence with the load. The maximum pump
efficiency is directly revealegympmax = 1/C7 = 82,5%. Power consumptioni’,; is estimated
from L-i—'h).d and ¥ using Equation (1) and (6), experimental and ¢aied values are compared in
Figure 9.

Enthalpies are not known with enough accuraciggagide accuratdei}mm, and therefore isentropic
efficiencies values. A solution should be to useevaccurate temperature sensors or use a calorimete
to estimate@,,.,,. However, the isentropic efficiencies mean treeénss similar to the pump

efficiency trend. If(jmm?, is assumed negligible, then, as a first approxXxomat;s = Mpumg.

4.2 Mode Overview

Table 2 summarize the main equation useful forpheping system modelling. The first equation
provide a relation between the volume flow (or Wodumetric efficiency), the shaft rotational speed
and the pressure drop. It could be used for flomtrob purpose or volume flow rate estimation. The
second equation provide a relation between the puaghanical shaft power, the rotational speed, the
pressure drop and the flow rate. The flow rate @dnel compute from the first equation. This equation
is use for pump losses and efficiency. The thirdatign provide a relation between the electric
consumption, the rotational speed and the motoit gleaver. When each equation are combined, it
provide the net electric power request for a gipesssure drop and rotational speed (or flow rate).
This is useful for modelling or design purpose.

Table 2 : Models equations and parameters overview

A Ve
VolumeFlow Rate | Vi =LV, [1 | ——— + _&_r.(i + f'”) AP
) ﬂ. .'l"l . Fdl'-?‘i‘-" dizs 1
INbuUt parameters 0 rpm Rotational speed
putp AP bar Pressure differential
iz | M0 Displaced volume Experimental Unloaded pump
Model coefficient test
odet coetlicients A m? Leakage coefficient Experimental On-load pump
Vigga | M° Dead volume test
Fluid i u Pa.s Dynamic viscosity Computed from outlet presgur
uld properties By Pal Isothermal compressibility & temperature
Pump power Winach = Ce- Q0+ C7. Whyg = Co. 0 + €. Vg AP
0 rpm Rotational speed
Input parameters AP Pa Pressure differential
Vi | M/s Volumetric flow
W/rpm | Friction coefficient Experimental On-load pum
Model coefficients Ce P — — P pump
C, - Efficiency coefficient test
VSD & Motor power | Wy, = €y + Wieg + Co0 Wi + €20 802
| )] rpm Rotational speed
nput parameters I,-{,—*rﬂ o | W Mechanical power
C, W/rpm | VSD losses coefficient Experimental Uncoupled
motor test
s w-t Part-load coefficient Motor data :
(1, -1,
Model coefficients €y =07 ———
H’r"h:’iﬂ
3 W/rpm2 | Motor friction coefficient | Motor data :
- (1, -1
£y =03 l‘l’m:[,‘.#ﬂ;"J
: a2
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6. CONCLUSIONS

An energetic analysis of a pumping system for OR(prioposed. For each component, a semi-
empirical power model based on literature and expatal analysis is presented. This model could be
used for the design or simulation of a reciprocapomp integrated into an Organic Rankine cycle, at
part and full load. The volumetric efficiency eqoatcould be used for simulation, process control o
flow rate estimation if no flowmeter is availabl€larification of the different efficiencies usefiar
ORC design or simulation is proposed. The methadl mndel deserve a deeper investigation for
validation, as torque measurement between motor @ndp or VSD electric power output.
Measurement are in progress on a bigger pump fapadson and scale-up. .Experimental analysis
shows that reciprocating pump can achieve goodiefity at high pressure (more than 80%), but falls
when the pressure decrease. Pump driver shouldrbully chosen and designed as well as the pump.
Oversize leads to lower efficiency, especially wiies process runs often at part-load operation. The
electric motor should be chosen according to tleegss nominal power and not the pump maximum
power, avoiding a motor oversizing due to pump sizex. It should also be noted that new legislation
on motor minimal efficiency are implemented in mostintries.

NOMENCLATURE
h specific enthalpy (J/kg) W power (W)
mh mass flow rate (ka/s) Br isothermal compressibility  (Pa
F pressure (bar) M difference )
0 heat power (W) n efficiency )
v volume (") o dynamic viscosity (Pa.s)
| volume flow rate (rfih) N rotational speed (rpm)
Subscript
0 unloaded mech mechanical
dis discharge mot motor
disp displaced n nominal
el electrical pp pump
flu fluid suc suction
hyd hydraulic th theory
is isentropic vol volumetric
los losses vsd variable speed drive
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