
DESIGN SPECIFICATIONS AND REQUIREMENTS
OF THE ORCHID SET-UP

Version 1.1

Adam Joseph Head, Carlo De Servi, Emiliano Casati, and
P. Colonna

Delft, May 2015

Propulsion and Power Group, Delft University of Technology,
Kluyverweg 1, 2629 HS Delft, The Netherlands

Revised by Date
Alberto Guardone 4-6-2015



Contents

Contents 2

List of Figures 3

List of Tables 4

1 Introduction 5

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3 The Setup Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Design Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.5 Report Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Thermodynamic Analysis of the BoP: Nominal Operating Conditions 9

2.1 Cycle Configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Working fluids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Main Design Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4 Design of the Supersonic Nozzle Test Section . . . . . . . . . . . . . . . . . 14

2.5 Turbine Test Section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.6 Siloxane MM as the design fluid . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.7 Nominal Operating Conditions . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3 Requirements and Specifications for the BoP Hardware 27

3.1 APP Laboratory Location and Layout . . . . . . . . . . . . . . . . . . . . . 27

3.2 Test Section Positioning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 Thermal Oil Electric Heater . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.4 Air Coolers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.5 Primary Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.6 Auxiliary Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4 Requirements and Specifications for the DAQ and Control Systems 39

4.1 Control System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.2 Control Loop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.3 Start-Up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.4 Measurement Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2



List of Figures 3

Bibliography 47

List of Figures

1.1 Simplified process flow diagram of the ORCHID facility. . . . . . . . . . . . . . 6

1.2 T − s diagram of siloxane MM and pentane showing the state points of two
possible thermodynamic Rankine cycles of interest for experiments with the
ORCHID set-up. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1 Detailed process flow diagram of the ORCHID facility. . . . . . . . . . . . . . . 11

2.2 Exemplary thermodynamic cycles in the T − s diagram of the working fluid
(siloxane MM in this case). The blue lines represent the processes in common
to the operation of both TS’s. The red line shows the expansion process from
supercritical conditions if the nozzle TS is in operation (the cycle encompasses
the state points 6 − 7 − 8 − 1 − ∗ − 3 − 4 − 5). The asterisk highlights the
thermodynamic state in the throat of the nozzle. The green line shows the
expansion process if the turbine TS is in operation (the cycle encompasses the
state points 6 − 7 − 8 − 1 − 4 − 5). Numbered thermodynamic states refer to
conditions at components interfaces as reported in the process flow diagram of
Fig. 2.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 T − s Diagram of MDM showing an exemplary thermodynamic cycle of the
ORCHID and deviation from ideal gas of the volumetric properties in the dense
vapor and supercritical thermodynamic region in terms of 1 − Z, where Z =
Pv/RT . The asterisk which is located along the isentropic expansion in the
nozzle represents the thermodynamic state at the nozzle throat. . . . . . . . . . 16

2.4 Results of the thermodynamic analysis for the nozzle experiment: required input
thermal power Q̇in against sound speed in the nozzle throat cTH, for all the
candidate WF’s of Table 2.1. Fig. a includes all the working fluids considered in
the analysis and with a boxed area shown in greater detail in Fig. b. The line
in Fig. b identifies the nominal operating load Q̇in limit, i.e., 370 kWth. . . . . 19

2.5 Results of the thermodynamic analysis for the nozzle experiment: maximum
WF temperature T1 against sound speed in the nozzle throat cTH, for all the
candidate WF’s of Table 2.1. The line identifies the T1 limit, i.e., 320 ◦C. . . . 20

2.6 T − s diagram of Siloxane MM, showing the ORCHID thermodynamic cycles
during nominal operation of the two TS’s. a: nozzle TS in operation (see Table
2.6 for the state-points details), b: turbine TS in operation (see Table 2.7 for
the state-points details). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1 Schematic Layout of the High Speed Lab. showing the main zones. A: ORCHID
Lab., B: Thermal Oil Boiler, C: ORCHID Air Coolers, D: HSL Air Coolers and
E: Combustion Lab. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2 Detailed view of the space allocated for the ORCHID Lab. within the High
Speed Lab., i.e., detailed view of what is indicated as zone A in Fig. 3.1. The
main components of the optical measurement system are also shown, i.e., the
LASER, mirrors, and screen, as well as the optical path (blue dashed line). . . 29

3.3 Schematic assembly of the ORCHID set-up, showing the test room and the
proposed location of the workstation. . . . . . . . . . . . . . . . . . . . . . . . . 31



4.1 Detailed process flow diagram of the ORCHID facility including the main control
loops of the control system (in red). The symbols adopted to represent the latter
are the standardized symbols for P&I diagrams . . . . . . . . . . . . . . . . . . 41

4.2 Detailed process flow diagram of the ORCHID facility, including the measure-
ment stations (in red). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

List of Tables

2.1 Main information about the considered working fluids. . . . . . . . . . . . . . 13
2.2 Design Constraints and Assumptions used in the thermodynamic analysis of the

nozzle TS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3 Results of the thermodynamic analysis for the nozzle experiment, and for the

selected WF’s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.4 Design Constraints and Assumptions used in the thermodynamic analysis of the

turbine TS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.5 Results of the thermodynamic cycle calculation related to turbine-testing oper-

ation, limited to candidate WF’s (see Table 2.1) allowing to reach a cycle net
thermal efficiency of the order of 20%. . . . . . . . . . . . . . . . . . . . . . . . 22

2.6 Operating conditions for the nozzle TS thermodynamic cycle, see also Fig. 2.6.
The data for the WF siloxane MM are those to be used to size all the BoP
components, i.e. for design purposes. The data for the other WF’s have to be
considered for verification purposes. . . . . . . . . . . . . . . . . . . . . . . . . 24

2.7 Operating conditions for the turbine TS. The data for the WF siloxane MM are
those to be used to size all the BoP components, i.e. for design purposes. The
data for the other WF’s have to be considered for verification purposes. . . . . 25

3.1 Design input for the primary heat exchanger (PHX), the regenerator (REG) and
the condenser (COND). The considered HTF is Therminol 66. . . . . . . . . . 34

3.2 Design inputs of the System Pump (with siloxane MM as the working fluid) . . 36

4.1 Measurement stations description and instruments requirements, considering
MM as the working fluid and the nozzle experiment only (process data from
Table 2.6). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4



Chapter 1

Introduction

1.1 Background

Small-scale and decentralized systems for the conversion of thermal energy are becoming
more attractive in the world energy scenario, and Organic Rankine Cycle (ORC) turbo-
generators are amongst the most promising technologies used in such applications [10].
However, there are still several issues that prevent their widespread use when operating
within the range of a few to tens of kWe (cost, efficiency, scalability, etc.). One of the
major challenges is the miniaturization of the expander, the core component of the ORC
unit. A turbine is arguably the best option for the expander, because of efficiency, possibil-
ity of expanding the fluid over a large pressure ratio, and reliability. It also does not need
any internal lubrication, which is the case for volumetric expanders. The design of efficient
and reliable mini-turbines is indeed a daunting engineering problem for two main reasons:
limited knowledge on the fluid dynamics of small-scale turbines expanding non-ideal highly
compressible fluids (e.g., uncertainty about the accuracy of turbulence models, effect of
roughness on turbine fluid dynamic losses, etc.), and the lack of validated design methods
or tools (for instance, methods for the selection of the best geometrical configuration of the
turbine, loss models, CFD codes, etc.). This technological challenge can only be addressed
with experimental studies, similarly to what has been done in the past for the realization
of high-performance steam and gas turbines. Similar research efforts are nowadays needed
to meet the current challenges posed by the design of mini-ORC turbo-expanders, i.e., in
the power range of 10 kWe.

To this purpose, a new experimental facility capable of continuous operation is being
designed and built at the Aerospace Propulsion and Power (APP) Lab of the Delft University
of Technology. The name of the set-up, Organic Rankine Cycle Hybrid Integrated Device
(ORCHID), is due to the fact that it consists of a single Balance of Plant1(BoP) in which
an organic fluid is circulated to realize a Rankine thermodynamic cycle, as shown by the
simplified Process Flow Diagram (PFD) of Fig. 1.1. Two different test sections (TS’s)
are closely integrated in this BoP, and they can be alternatively fed and used, making
the set-up hybrid: one TS is a supersonic nozzle with optical access to perform Non-Ideal
Compressible Flow Dynamics (NICFD) experiments, while the other TS allows for the
performance testing of mini-ORC turbines. The realization of such an experimental facility
is funded by two research projects granted by the Dutch Technology Foundation (STW) and
by the companies Dana-Spicer Corp. (US) andRobert Bosch GmbH (DE).2. The objectives
of the projects pertain to the development of mini-ORC turbogenerators for heat recovery
from long-haul truck diesel engines, (see the web page of the CC Powertrain project) and
small ORC Concentrated Solar Power systems for zero-energy buildings (see the web page

1The BoP consists of all infrastructural components of the set-up with the exception of the two test
sections.

2The STW projects are: i) “Mini-ORC Turbogenerator for Combined-Cycle Powertrains” (grant #
12811), and “Solar ORC Turbogenerator for Zero-Energy Buildings” (grant # 13385).
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Figure 1.1: Simplified process flow diagram of the ORCHID facility.

of the Mini Solar ORC project).
This report presents the conceptual and preliminary design and analysis of the BoP. The

BoPs primary role is to provide a stable and controlled mass flow rate of the working fluid
(WF) vapor, at the thermodynamic conditions selected by the operator for the experiment,
at the inlet of the TS being used, i.e., at 1 in the PFD of Fig. 1.1. The BoP should be
flexible enough to accommodate a number of WFs and the different operating conditions
required by the two test sections. This report describes:

• the methodologies developed and applied to define (i) the working fluids suitable for
the experiments, (ii) the selected configuration, and (iii) the technical requirements
and constraints;

• the results obtained, i.e., a set of design specifications usable as input for the de-
tailed design. These are intended as a basis for discussion with the consulting and
engineering company that will be selected to support the P&P research group in the
realization of the ORCHID set-up.

The preliminary design and analysis of the test sections is not treated in this document,
but will be presented in a follow-up report.

1.2 Motivation

The experiments conducted within the framework of this research program will allow to
attain the following objectives:

1. verify the available theoretical body pertaining to Non Ideal Compressible Fluid Dy-
namics (NICFD), [11, 21, 39, 19, 30, 18] and validate the related thermodynamic
models [14, 12] and CFD codes [13, 20];

2. validate the existing – and/or develop novel – semi-empirical correlations, performance
estimation methods, and preliminary design methodologies for small-ORC turbines,
i.e., in the power range of 10 kWe; [28, 32, 8] and

3. prove the technical feasibility of high-efficiency ORC power systems for distributed
generation in the 10 kWe power range, by demonstrating a net thermal cycle efficiency
of approximately 20%.

http://www.kcorc.org/en/rd-projects/test-mini-orc-turbo/
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Figure 1.2: T − s diagram of siloxane MM and pentane showing the state points of two
possible thermodynamic Rankine cycles of interest for experiments with the ORCHID set-
up.

In order to achieve these concurrent objectives, conceptually different experimental facilities
are required, namely, a setup which allows to investigate the gas dynamics of dense vapors in
NICFD experiments (objective 1), a bench to test turboexpanders performance (objective
2), and a small modular ORC system to prove the downscaling potential of the technology
(objective 3). Furthermore, in order for the results to be also of practical use for system
and component design, the facility should be able to work with a variety of working fluids
and of thermodynamic regions typical of the envisaged applications [10]. This, in turn,
calls for the ability of the set-up to operate within a comparatively large range of pressure
and temperature levels. In order to illustrate the diversity of the thermodynamic cycles of
interest, Fig. 1.2 shows two exemplary thermodynamic cycles that could be realized with
the ORCHID set-up. By adopting the heavier molecule WF, i.e., siloxane MM, it is possible
to realize a supercritical cycle at a pressure which is lower than the evaporation pressure
of the pentane cycle. Also, the two working fluids feature a large difference in terms of
condensing pressure for the given temperature.

1.3 The Setup Concept

The ORCHID setup has been conceived to cope with the demanding requirements outlined
in the previous section. Even though similar facilities have been pioneered decades ago
in the field of Aerodynamics [34, 33, 6], investigations with organic vapors require the
conception of an innovative set-up able to operate at high pressure and temperature and
compatible with the use of different working fluids. Regarding the ORCHID set-up, the
main conceptual design choices that were taken are:

1. to realize one single BoP which is able to alternatively supply both the test sections
with working fluid at set operating conditions. This implies a number of design
challenges, but offers advantages that are deemed preponderant with respect to the
construction of two distinct facilities. For instance, there are economic advantages in
concentrating the financial effort on the realization of one set-up which can then be,
e.g., equipped with more advanced instrumentation; and

2. to adopt a closed loop configuration, which is deemed the superior solution in relation
to the research objectives, since it permits to
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a) reproduce the operating conditions of a (downscaled) state-of-the art ORC power
system,

b) avoid limitations on the testing time: once the setup reaches steady operation
continuous measurement campaigns are possible,

c) avoid critical issues concerning the use and control of high-temperature fast act-
ing valves, and

d) reduce the complexity of interpretation of experimental data, since the boundary
conditions given by the BoP components are stable throughout the test.

Other setups for ORC-technology-related research have been recently presented, such as
the TROVA built at Politecnico di Milano - Italy, [35] and the Gas Cycle Facility built at
Universität Paderborn - Germany [22]. However, the conceptual design choices illustrated
here are different from those of the TROVA and the Gas Cycle Facility, thus making the
ORCHID a novel and unique experimental facility [24].

1.4 Design Procedure

As the first step in the design process, the thermodynamic analysis defines the configu-
ration of the set-up, the possible working fluids for each test section, and the operating
specifications for the design of the main components. In order to enhance the operating
flexibility of the facility and to guarantee the possibility to use different working fluids,
the BoP has then been preliminarily sized with respect to the most demanding experimen-
tal conditions in terms of WF mass flow rate, required thermal power input, and thermal
loads of the heat exchangers. Moreover, despite the TS’s integration into the same BoP
being relatively straightforward, their compatibility of operation needed to be assessed due
to their different design requirements. For instance, as discussed in the following, on the
one hand the thermal load needed for the operation of the nozzle TS can be one order of
magnitude larger than that required for turbine testing. On the other, the turbine TS is
much more demanding in terms of cycle temperature and pressure. This diversity implies
that the sizing of the main components of the set-up has to be carried out by considering
simultaneously the design specifications of both the TS’s.

1.5 Report Structure

This report is structured as follows. Ch. 2 describes the methodology developed to ob-
tain the thermodynamic cycle design and analysis, and how such methodology allowed to
identify the most demanding WF in terms of operating conditions. Based on these results,
requirements and specifications for all the components of the BoP are illustrated in Ch. 3.
The requirements and specifications of the Data Acquisition (DAQ) and control system are
discussed in Ch. 4.



Chapter 2

Thermodynamic Analysis of the BoP:
Nominal Operating Conditions

2.1 Cycle Configuration

The primary energy source of the ORCHID will be electricity because of its inherently
simple regulation and control, together with less strict safety and hazard requirements.
Furthermore, from the point of view of its thermodynamic quality or exergy content, the
thermal equivalent of electricity is a source at infinite temperature [29]. The goal of the
thermodynamic cycle implemented in the ORCHID is the conversion of part of the available
thermal energy into kinetic energy of the dense vapor flow (for the nozzle experiment) or
mechanical power (for the turbine experiment). Increasing the efficiency of this conversion
process is of great interest, in particular for turbine testing. It is known from textbooks
on applied Thermodynamics [29] that, in order to maximize the efficiency of the cycle,
the input thermal power should be transferred from the source to the cycle itself at the
highest possible temperature. In the practice of Rankine cycle-based power systems, this
temperature is limited to values lower than 700 ◦C by the compatibility with materials
(e.g., those used in the furnaces piping), thus introducing what is typically the largest
thermodynamic loss of any such thermal power conversion process. In ORC systems and
thus also in the ORCHID case, as detailed in the following (see §2.3), this limit must be
further lowered to values under 400 ◦C due to the thermal stability limits of organic working
fluids.

A common solution to increase the average temperature at which thermal power is intro-
duced into the cycle is the internal regeneration, and the choice of adopting a regenerator is,
in general, the result of a thermo-economic optimization process. When a so called dry fluid
is used as the WF,1 the regenerator can be a surface heat exchanger, making the system
layout much simpler with respect to, e.g., the regeneration based on the extraction of steam
from the turbine at different pressure levels, as done in steam power plants. For this reason,
all commercial ORC power systems for the conversion of high-temperature energy sources
adopt this configuration2 [25, 10].

Concluding, the most attractive arrangement for the ORCHID set-up is deemed to be
a regenerative cycle configuration since:

• It allows to attain higher cycle efficiency; and

1Dry fluids are those for which the curve bounding the liquid-vapor coexistence region displays a positive
slope of the saturated vapor branch in the T − s diagram, as shown in Fig. 1.2. For such WF’s, an
expansion process starting from saturated vapor conditions proceeds towards superheated (i.e., dry) vapor
states, contrary to what happens for wet fluids such as water.

2More complicated analyses might be needed if considering ORC systems designed for different appli-
cations such as, notably, heat recovery from sensible heat thermal sources [3, 4].

9
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• This arrangement closely resembles that of state-of-the-art high temperature ORC
power systems, making the envisaged experimental results of more immediate interest.

Fig. 2.1 shows the detailed Process Flow Diagram (PFD) of the set-up configuration with
both primary test sections in parallel (the primary TS’s are enclosed in dotted rectangles).
The BoP is made up of the following components: pump, primary heat exchanger (PHX),
regenerator, condenser and auxiliary components like tanks and valves. An exemplary T −s
diagram of the thermodynamic cycles realized in the ORCHID is depicted in Fig. 2.2 and,
with reference to the state points shown, the processes undergone by the working fluid are
as follows:

• Thermodynamic state 1 (entrance of the test sections) corresponds to the beginning of
the expansion process which, depending on the experiment being carried out, proceeds
toward

– thermodynamic state 3 in case of expansion in the nozzle (i.e., nozzle TS in
operation). This process (1-3), is assumed isentropic in this preliminary analysis.
This is followed by the dissipation process in a valve (3-4), whereby the kinetic
energy of the supersonic flow at the nozzle outlet is throttled in the back-pressure
valve downstream of the receiver tank;

– thermodynamic state 4 in case of expansion in the turbine (i.e., turbine TS in
operation). This process (1-4), assumes an isentropic turbine efficiency equal to
70 % in this preliminary analysis.

• From thermodynamic state 4 to 5 vapor flow is cooled down to preheat the liquid
stream at the pump outlet (process 7-8);

• From thermodynamic state 5 to 6 the working fluid condenses by transferring energy
as heat to the cooling water circuit;

• From thermodynamic state 6 to 7 the pump pressurizes the condensate to the evapora-
tion (sub-critical cycle) or primary heater (super-critical cycle) pressure. This process
is hardly noticeable in a T − s diagram because the associated temperature increase
is negligible;

• From thermodynamic state 7 to 1 the working fluid temperature is increased in the
PHX, by extracting thermal power from an another fluid loop which, in turn, is heated
by the primary source. In this case the primary source is electricity use to heat thermal
oil (electrical oil heater). The conditions required by the experiment are thus reached,
and this process also closes the thermodynamic cycle.



2.1. CYCLE CONFIGURATION 11

RH
X

AC
: A

ir 
Co

ol
er

s
BD

: B
ur

st
 D

isk
BP

V:
 B

uo
ya

nt
 P

lu
g 

Va
lv

e
BT

: B
uf

fe
r T

an
k

CH
X:

 C
on

de
ns

er
 H

ea
t E

xc
ha

ng
er

CV
: C

he
ck

 V
al

ve
DT

: D
um

p 
Ta

nk
 

D1
...

n:
 D

ra
in

 V
al

ve
s

FD
P:

 F
lo

w
 D

am
pe

r
LS

: L
iq

ui
d 

Se
pa

ra
to

r
N

CV
: N

oz
zle

 C
on

tr
ol

 V
al

ve
P:

 P
um

p
PB

: P
um

p 
By

pa
ss

PH
X:

 P
rim

ar
y 

He
at

 E
xc

ha
ng

er

FD
P

N
oz

zle

N
oz

zle
 

Te
st

 S
ec

tio
n

CH
X

DT
PH

X

Tu
rb

in
e 

Te
st

 
Se

ct
io

n

Tu
rb

in
e

G

SC

TB

BT

N
CV

45

1

11

12

8
7 5

6

10

9

AC

VP
3

VV
11

1

PI
V-

AP

RV

TO
H

PI
V-

AP
: P

IV
-A

cc
es

s P
oi

nt
PI

V-
F:

 P
IV

-F
ilt

er
 

RV
: R

el
ie

f V
al

ve
 

RH
X:

 R
eg

en
er

at
or

 H
ea

t 
Ex

ch
an

ge
r

SC
: S

et
tli

ng
 C

ha
m

be
r

TO
H:

 T
he

rm
al

 O
il 

He
at

er
TS

C:
 T

es
t S

ec
tio

n 
Ch

an
ne

l
TB

: T
ur

bi
ne

 B
yp

as
s 

TM
V:

 T
ur

bi
ne

 M
ai

n 
Va

lv
e

VP
: V

ac
uu

m
 P

or
t

VV
1.

..n
:V

ac
uu

m
 P

um
p 

Ci
rc

ui
t 

Va
lv

es
V1

...
n:

 B
al

l V
al

ve
s

CV
PB

PI
V-

F

VP
2

VP
1

VV
14VV

15
VV

16

VV
13

VV
9

VV
10

VV
8

VV
12

V1

V2
TM

V

LS

BP
V

VV
6

VV
5

VV
7

VV
8

VV
1

VV
4

VV
2

VV
3

V3

V4

V5
V6

V7

V8

P

4

3
4

BD

F
ig

u
re

2.
1:

D
et

ai
le

d
p

ro
ce

ss
fl

ow
d

ia
g
ra

m
o
f

th
e

O
R

C
H

ID
fa

ci
li

ty
.



12
CHAPTER 2. THERMODYNAMIC ANALYSIS OF THE BOP: NOMINAL

OPERATING CONDITIONS

-0.5  -0.25 0 0.25 0.5  0.75 1

100

120

140

160

180

200

220

240

260

T
[◦
 C
]

s [kJ/kg/K]

80

1

3

4

5

6

7

8

Figure 2.2: Exemplary thermodynamic cycles in the T − s diagram of the working fluid
(siloxane MM in this case). The blue lines represent the processes in common to the opera-
tion of both TS’s. The red line shows the expansion process from supercritical conditions if
the nozzle TS is in operation (the cycle encompasses the state points 6−7−8−1−∗−3−4−5).
The asterisk highlights the thermodynamic state in the throat of the nozzle. The green line
shows the expansion process if the turbine TS is in operation (the cycle encompasses the
state points 6− 7− 8− 1− 4− 5). Numbered thermodynamic states refer to conditions at
components interfaces as reported in the process flow diagram of Fig. 2.1.

The thermodynamic state points of the cycle can be calculated starting from selected main
operating parameters (pressures and temperatures) using a standard textbook method re-
sulting from the application of mass and energy conservation to each process. State-of-the-
art thermodynamics models, implemented in an in-house software library, have been used
to determine the thermophysical properties of the considered WF’s [15, 26].

The cycle details depend on the TS being analyzed, because each TS has its own design
constraints, e.g., in terms of thermal energy input, condensing pressure and maximum
temperature. For this reason, during the preliminary analysis of the BoP, the nozzle and
the turbine TS’s have been considered independently.

2.2 Working fluids

As anticipated, the ORCHID set-up must be able to operate with a wide range of WF’s of
interest in ORC technology practice. A list of these compounds, which are the candidates
considered in this analysis, is collected in Table 2.1. They belong to different classes, namely,
hydrocarbons, organofluorines, and siloxanes[12]. Table 2.1 shows the critical temperature
and pressure TCR and PCR, the boiling temperature Tboil, and the thermal stability temper-
ature limit of the fluid TTD (thermal degradation temperature), i.e., the temperature above
which the WF is subjected to fast thermal decomposition reactions leading to irreversible
degradation. The selected ORC fluids tend to thermally degrade at high temperatures, and
these thermal decomposition reactions are strongly accelerated by the presence of oxygen,
humidity, and other contaminants such as, e.g., the products coming from the oxidation of
the containing materials. Other important factors playing a role in these phenomena are
the containment material and the dynamics of heating (e.g., fast temperature oscillations
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Table 2.1: Main information about the considered working fluids.

Siloxanes TCR [◦C] PCR [bar] Tboil [◦C] TTD [◦C]

D4 313.3 13.3 175.3 ≈ 350 [14]
D5 346.0 11.6 210.9 ≈ 350 [14]
D6 372.6 9.61 245.0 ≈ 350

MM 245.6 19.4 100.2 ≈ 300 [38]
MDM 290.9 14.2 152.5 ≈ 350 [14, 9]

MD2M 326.2 12.3 194.4 ≈ 350 [14]
MD3M 355.2 9.4 229.9 ≈ 350
MD4M 380.1 8.8 260.7 ≈ 350

Hydrocarbons

Toluene 318.6 41.3 110.6 ≈ 400 [23, 37, 2]
Pentane 196.5 33.7 36.1 ≈ 270 [27]

Cyclopentane 238.5 45.1 49.3 ≈ 300 [17]

Perfluorocarbons (PFC’s)

PP2 212.9 20.2 76.0 ≈ 400 [16]
PP80 233.97∗ 16.85∗ 103.2 ≈ 400
PP90 256.85∗ 16∗ 125.1 ≈ 400

Hydrofluorocarbons (HFC’s)

R245fa 154.0 36.5 15.1 ≈ 260 [1, 40]
∗Estimated by thermodynamic predictive models.

vs long term steady exposure). However, only few studies have been published on this
topic, and both the testing methodologies and the gathered data are non homogeneous and
difficult to compare [9, 31, 2]. As a general consideration, it is worth highlighting that
the ORCHID setup is conceived to perform experimental investigations at thermodynamic
conditions close to the expected thermal decomposition limit of the fluids.

2.3 Main Design Constraints

Several important constraints common to both the TS’s have been identified, as discussed in
the following. The maximum available electric power for the set-up is equal to approximately
400 kWe. This value has been determined based on local technical constraints on the
power cabin, and by the need of limiting the investment and operating costs. Furthermore,
being known from the literature that the power required to start-up conventional supersonic
closed-loop facilities is higher than that required for steady state operation [34], the nominal
design load of the PHX Q̇in,max has been limited to 370 kWth.

After a dedicated investigation about the maximum thermal power input, which involved
experts consultancy and interactions with manufacturers, it has been preliminary decided to
adopt an electric oil heater as the thermal power source of the ORCHID set-up (see §3.3 for
details). The thermal input to the ORCHID will thus be provided through an intermediate
Heat Transfer Fluid (HTF) loop where a thermal oil is (i) heated up by heating rods, (ii)
circulated through the PHX where it transfers thermal power (being cooled) to the ORC
working fluid (which is being heated up), and (iii) returned to the electric heater. The main
thermodynamic implication deriving from the adoption of this intermediate oil loop is that
the maximum cycle temperature (i.e., the maximum temperature of the WF, TWF,max) is
limited by the thermal stability temperature limit of the HTF. In particular, for thermal oils
commonly used in industrial high-temperature applications such a limit is about 340-350
◦C. Therefore, assuming an approach temperature difference of 25 ◦C at the hot end of the
PHX, a limiting value of TWF,max = 320 ◦C is estimated.

The limit imposed on TWF,max is not expected to affect the ORCHID potential in testing
simpler molecule-WF’s, such as those used in low temperature ORC applications. On the
other hand, some experiments of interest involving high temperature WF’s will not be
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achievable with this set-up configuration. However, this limit is not much lower than the
thermal stability temperature limit of the envisaged test fluids, as detailed in the previous
section.

Finally, the maximum WF pressure in the system is set to 25 bar. This limit has been
selected due to a preliminary investigation about the pressure rating of suitable equipment,
i.e., most notably, the high temperature welded plate heat exchangers (see §3.5).

Summarizing, the design constraints which are considered in all the analyses presented
in the following are:

• the maximum operating load of the PHX is Q̇in,max = 370 kWth;

• the maximum ORC fluid temperature is TWF,max = 320 ◦C. The maximum temper-
ature is expected to occur at the outlet of the PHX, and is close to T1 (depending
mainly on the thermal losses from the PHX to the nozzle TS). The constraint that
is thus enforced in the following analyses is T1 < TWF,max = 320 ◦C. Notably, for
the fluids for which TTD < 320 ◦C (see Table 2.1), the maximum WF temperature
is lowered and assumed to be equal to the thermal degradation temperature, i.e.,
TWF,max = TTD; and

• the maximum ORC fluid pressure is PWF,max = 25 bar. The maximum pressure is
expected to occur at the outlet of the pump, and is thus close to P1 (depending mainly
on the pressure losses from the PHX to the nozzle TS). The constraint that is thus
enforced in the following analyses is P1 < PWF,max = 25 bar.

2.4 Design of the Supersonic Nozzle Test Section

Assumptions

As anticipated in §1.2, the main purpose of this testing system is to perform fundamental
studies on dense and supercritical vapor flows (i.e., NICFD experiments). Several design
constraints and a number of more general assumptions have to be considered, beside those
detailed in §2.3, in order to meet the required experimental conditions. These are collected
in Table 2.2, and are now described (following the same order proposed in the table). These
data are thus used to perform the thermodynamic analysis which, together with its results,
is discussed in the next two subsections. The first design constraint comes from the need

Table 2.2: Design Constraints and Assumptions used in the thermodynamic analysis of the
nozzle TS.

Variable Value

nominal thermal power (max), see §2.3 Q̇in,max 370 kWth

WF temperature (max), see §2.3 T1,max max(320 ◦C, TTD)
WF pressure (max), see §2.3 P1,max 25 bar

inlet reduced pressure P1,R >1
nozzle Mach number (out) Mmin 1.8

condenser pressure P6 1.0 bar
throttling valve pressure drop ∆PTV 1.0 bar

nozzle discharge pressure P3 2.1 bar
cooling water temperature (in) TH2O,in 20 ◦C

PHX temperature diff. @ pinch point ∆TPP,PHX 25 ◦C
Regenerator temperature diff. @ pinch point ∆TPP,REG 20 ◦C

Heat exchangers pressure losses ∆PHX max(1.0 % Pin, 0.1 bar)
Pump hydraulic efficiency ηis,PUMP 50 %

Mechanical transmission efficiency ηm,TRANSM 92 %
Electric machine efficiency ηe,EM 96 %
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of obtaining a supercritical flow in the TS. To this end, the reduced pressure3 at the inlet
of the nozzle (i.e., at the beginning of the expansion process) P1,R must be greater than 1.
It is furthermore required that the Mach number at the outlet of the nozzle is comparable
to the Mach number at the stator outlet of high-temperature ORC turbines. For this
reason, the minimum Mach number at the outlet of the nozzle, i.e. Mmin, has been set to a
value of 1.8. Another design constraint is imposed regarding the nozzle discharge pressure.
As mentioned, avoiding air-intakes in the set-up is important to avoid the risk of WF
thermal decomposition. For this reason, the lower pressure in the system P6, i.e., the one
established in the condenser (nomenclature referring to Fig. 2.1), is limited to atmospheric
pressure. The throttling valve placed between the nozzle outlet and the condenser inlet
(see Fig. 2.1) is intended as a fundamental regulation device, which allows to control the
flow conditions in the nozzle. Following a preliminary analysis of this component it is
assumed that, during nominal operation, a pressure drop of 1 bar has to be guaranteed
across the valve, i.e., ∆PTV = 1 bar. This constitutes an additional design constraint,
which furthermore imposes the nominal operating pressure at the nozzle discharge, i.e.
P3, being P3 = P6 + ∆PTV. The stream of water for the cooling of the condenser is
assumed to be available at an inlet temperature of TH2O,in = 20 ◦C. A number of further
assumptions regarding the performance of the BoP components, and the assumed values
are taken from common practice encountered in commercial ORC systems. In particular,
the performance of the heat exchangers (HX’s) is expressed by the minimum temperature
difference achieved between the two fluids within the same devices, i.e., the pinch point
temperature difference ∆TPP. For PHX the latter coincides with the approach temperature
difference at the thermal oil inlet section. The pressure drops within each side of the HX’s
have been accounted for as a fixed percentage of the relative inlet pressure, or as a fixed
absolute value of 0.1 bar, whichever value results larger. Finally, the efficiencies of the
components constituting the pump-group are determined by the values given to (i) the
pump isentropic efficiency ηis,PUMP, (ii) the mechanical efficiency of its transmission system
ηm,TRANSM, and (iii) the electrical efficiency of its drive motor ηe,EM.

Procedure

The procedure for the design of the nozzle test section involves two fundamental variables,
namely:

• the reduced pressure at the inlet of the nozzle, i.e. P1,R; and

• the geometrical area of nozzle throat ATH, which is the minimum flow passage area
where the flow attains sonic conditions (i.e., chocking conditions).

The relation among P1,R and ATH, which drives the whole design process, is outlined in the
following.

In order to perform the NICFD experiments of interest, a vapor flow at relatively high
Mach number must be established in the nozzle TS. The experiment results will be par-
ticularly valuable as the thermodynamic conditions of the expanding fluid will be in the
so-called dense vapor regime, in turn causing the flow behavior to deviate from that of ideal
gas flow, thus belonging the realm of NICFD. As an example, Fig. 2.3 shows the T − s
diagram of a possible thermodynamic cycle implemented by the nozzle TS, using siloxane
MDM as the WF. The isentropic expansion process depicted in the figure involves non-ideal
compressible flow dynamic effects, as it crosses the dense vapor region, i.e., the region where
1−Z is very different from 0 and strongly varies (Z = Pv/RT is the compressibility factor,
providing one of the indications of deviation from ideal gas behavior). Stronger non-ideal

3To compare different fluids it is common to scale the pressure values to the critical pressure of the fluid.
This non dimensional value is called reduced pressure. Thus, the reduced pressure Px,R of a thermodynamic

state x can be evaluated as Px,R = Px
PCR

, where PCR is the critical pressure of the considered WF.
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Figure 2.3: T − s Diagram of MDM showing an exemplary thermodynamic cycle of the
ORCHID and deviation from ideal gas of the volumetric properties in the dense vapor and
supercritical thermodynamic region in terms of 1 − Z, where Z = Pv/RT . The asterisk
which is located along the isentropic expansion in the nozzle represents the thermodynamic
state at the nozzle throat.

gas dynamic effects,4 as predicted by the adopted thermodynamic models, are encountered
for regions characterized by larger 1−Z values, and operating the nozzle TS in these condi-
tions would allow to achieve the most desirable experimental conditions. In order to achieve
this result, one should increase P1,R: the vapor would thus reach increasingly supercriti-
cal conditions, and the subsequent expansion process is influenced to a greater extent by
non-ideal compressible fluid dynamic effects. Being the nozzle discharge pressure fixed, in-
creasing P1,R causes an increase in the flow Mach number, which only depends upon the
pressure difference across the nozzle.

On the contrary, the throat section ATH does not influence the thermodynamic region
of operation of the nozzle. However, since the nozzle is expected to always work in choked
conditions, this geometrical parameter determines the mass flow rate circulating in the
nozzle and, as a consequence, in the whole set-up. In order to explain this relation, an
isentropic expansion process can be assumed in the nozzle from the inlet section, where
total conditions are known (i.e., pressure P1,T and temperature T1,T), to the throat, where
sonic conditions are attained (i.e., the flow speed equals the speed of sound c). Accordingly,
the system of equations governing the expansion is

s = s(P1,T, T1,T)

hS,TH = h1,T(P1,T, T1,T)− 1

2
c2(hS,TH, s)

ṁ = ρS,TH(hS,TH, s) · c(hS,TH, s) ·ATH ,

(2.1)

where s is the specific entropy, and the subscript “S,TH” indicates static conditions in the
throat section. The first equation in the system (2.1) expresses the isentropic nature of

4A more rigorous approach would consider the fundamental derivative of gas dynamic Γ, see e.g.
Ref. [11], but for design described here and the desired level of accuracy, the approach based on the
compressibility factor Z is deemed sufficient
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the process model,5 the second the conservation of total enthalpy (i.e., energy balance in
an adiabatic system without work extraction), and the third the continuity equation. The
system of equations (2.1) clarifies the relation existing among the mass flow rate flowing in
the nozzle ṁ, the thermodynamic properties at the expansion inlet, and the flow passage
area ATH in the throat section. In particular, by considering the thermodynamic conditions
as fixed, it is important to note that the relation between ṁ and ATH reduces to a linear
proportionality with constant coefficient.

It is thus relevant that increasing ṁ necessitates a proportional increase in the input
thermal power, as expressed by

Q̇in = ṁ (h1,T − h8,T) ∝ ṁ h1,T . (2.2)

In the proportionality relation of (2.2), it is further considered that the conditions at thermo-
dynamic state 8 (nomenclature referring to Fig. 2.1) are relatively insensitive to variations
in state 1, given the assumptions collected in Table 2.2.

All the other thermodynamic state points of the ORC are determined by applying stan-
dard procedure for thermodynamic cycle calculation based on the conservation of mass and
energy.

Summarizing, under the assumption of choked nozzle, the system of equations (2.1) and
equation (2.2) allow to conclude that:

• ṁ is not influenced by the nozzle discharge pressure,

• ṁ is directly proportional to ATH,

• an increase in the inlet pressure P1,R causes an increase of ṁ as a result of the increase
in both the density and the speed of sound in the nozzle throat,6

• any increase of ṁ causes Q̇in to increase as well.

The following section details how the above outlined trade-offs have been tackled to define
the nozzle TS design.

Results

Results are obtained from the analysis conducted by means of (i) the in-house code ORC
Virtual Prototyping Environment (VPE) v1.0 [5] implementing the problem formulation
presented in the previous subsection (a lumped parameters model, or 0-D approach is
adopted for all the ORC components), and (ii) an in-house CFD software tool to study the
nozzle TS flow-field (the detailed results of this study will be presented in a dedicated follow-
up report). The first important finding is that the constraint on Q̇in is the most stringent
affecting the nozzle TS. In order to limit the required thermal power, while fulfilling the
constraints and the assumptions collected in Table 2.2 for all the candidate WF’s, three
fundamental design choices are identified as necessary, i.e.

1. The value of the nozzle throat area ATH must be minimized. The selected value is
200 mm2 which, since the nozzle has a rectangular section,7 corresponds to a throat
height of 10 mm and a width of 20 mm. This follows from (i) the necessity of providing

5for the scope of the analysis, viscous effects in the nozzle are negligible.
6The speed of sound may not be a strictly growing function of the pressure in case the so-called BZT

fluids are considered, for which the fundamental derivative of gas dynamics Γ ≡ 1+ ρ
c

(
∂c
∂ρ

)
s

= v3

2c2

(
∂2P
∂v2

)
s
,

might become negative in a finite thermodynamic region. [36] Even if the use of BZT fluids in ORC power
systems is foreseen to have a potential interest, [7] and some of the considered WF’s feature a BZT region,
[12] this option is not considered at the present stage of the research.

7This is related to the optical measurement technique envisaged, i.e., PIV, due to unwanted distortions
of the laser light sheet in case it has to cross a curved window.
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physical dimensions of the TS large enough to allow for the use of flow visualization and
measurement techniques (e.g., Schlieren and PIV), with a sufficient level of accuracy;
and (ii) the need of minimizing the influence of the Boundary Layer (BL) and to avoid
BL-induced blocking effects during the experiments.

2. The value of the nozzle inlet pressure has to be limited to a slightly supercritical value,
i.e., P1,R = 1.1 for all the considered WF’s.8

3. The value of the nozzle inlet temperature, T1, has to be such as to prevent condensa-
tion during the expansion in the nozzle. Notably, T1 is defined as:

T1 = T (P1, s
∗ + ∆s) (2.3)

where s∗ is the maximum specific entropy of the saturated vapor in the pressure range
involved in the nozzle expansion process (P1 → P3) and ∆s represents a safety margin
with respect to the saturation curve. In order to define this parameter consistently
for each candidate WF’s, ∆s is assumed in the analysis herein described equal to 5%
of s∗.

The results of the thermodynamic cycle analysis, conducted under the assumptions
collected in Table 2.2, further integrated by the design choices reported above, are discussed
in the following. First of all, it is confirmed that Q̇in is significantly affected by the WF
thermodynamic properties, as shown by Fig. 2.4, where this quantity is plotted against the
sound speed in the nozzle throat cTH. cTH is adopted as design parameter since (i) it is a
property suited to provide a comparison between the WF’s given its relations with the fluids
molecular complexity, and (ii) it has a relation with the expansion process, as expressed by
the system of equations 2.1. The general trend clearly depicted in Fig. 2.4 is that more
complex WF’s tend to have lower cTH values which, in turn, tend to decrease the needed
Q̇in. This result follows from the combination of the variation trends of several interrelated
quantities. In addition to the considerations detailed in §2.4, also the shape of the liquid-
vapor region is expected to be influential, since different WF’s belonging to different families
are being compared. For instance, molecular complexity may induce variations in the
amount of regenerated thermal power within the different ORC’s. The interested reader is
referred to the work of Invernizzi [25] for a detailed description of these aspects, which are
beyond the scope of this report.

Among the candidate WF’s presented in Table 2.1, only those for which the needed
Q̇in does not exceed the limit of Q̇in < 370 kWth has been further considered, and it results
that all the candidate siloxanes and PFCs can be tested with the current constraints, with
siloxane MM being the only exception, as shown in Fig. 2.4. However, since MM is one of
the most promising fluids for small-scale ORC power systems, the ORCHID setup should
allow to perform nozzle experiments also with this WF. Considering that MM requires a
Q̇in which exceeds the limitation only slightly under the adopted assumptions, the use of
MM is accounted for, but limited to subcritical experiments. In other words, this fluid is
considered in the following, but the nozzle inlet pressure is reduced with respect to all the
other WF’s, down to the sub-critical value of P1,R = 0.95, which allows the constraint on

Q̇in to be fulfilled (with Q̇in = 352 kWth).

Secondly, Fig. 2.5 reports the information regarding the maximum WF temperature
during the nozzle experiments. Similarly to the previous analysis based on the Q̇in limit,
the limit on TWF,max (e.g., on T1, see §2.3) determines the rejection of several other WF’s,
namely, D5 (T1 = 353 ◦C), D6 (T1 = 380 ◦C), MD2M (T1 = 334 ◦C), MD3M (T1 = 363 ◦C),
and MD4M (T1 = 387 ◦C).

8Notably, this value is in the range of the optimal values as predicted by studies on supercritical ORC
power systems.
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Figure 2.4: Results of the thermodynamic analysis for the nozzle experiment: required
input thermal power Q̇in against sound speed in the nozzle throat cTH, for all the candidate
WF’s of Table 2.1. Fig. a includes all the working fluids considered in the analysis and with
a boxed area shown in greater detail in Fig. b. The line in Fig. b identifies the nominal
operating load Q̇in limit, i.e., 370 kWth.

Summarizing the results, the substances suitable for gas dynamic experiments in the
nozzle TS are MM (with P1,R = 0.95), MDM, D4, PP2, PP80 and PP90. The main results
of the thermodynamic analysis are collected, for these WF’s only, in Table 2.3, which reports
the values of the input thermal power Q̇in, the thermal power exchanged in the regenerator
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Figure 2.5: Results of the thermodynamic analysis for the nozzle experiment: maximum
WF temperature T1 against sound speed in the nozzle throat cTH, for all the candidate
WF’s of Table 2.1. The line identifies the T1 limit, i.e., 320 ◦C.

Q̇REG and in the condenser Q̇COND, the pump electrical power ẆPUMP, the temperature
and pressure levels a the nozzle inlet T1 and P1, the condensing temperature P6, and the
circulating mass flow rate ṁWF.

Table 2.3: Results of the thermodynamic analysis for the nozzle experiment, and for the
selected WF’s.

fluid Q̇in Q̇REG Q̇COND ẆPUMP T1 P1 T6 ṁWF

[kWth] [kWth] [kWth] [kWe] [◦C] [bar] [◦C] [kg/s]

MM 352 315 360 9 252 18.4 100 1.6
MDM 291 284 298 7 299 15.6 153 1.5

D4 260 267 265 6 321 14.7 176 1.6
PP2 302 254 309 8 219 22.7 75 3

PP80 238 250 243 6 241 18.5 100 2.6
PP90 235 254 240 6 264 17.6 124 2.6

2.5 Turbine Test Section

Assumptions

As anticipated in §1.2, the main purposes of this testing system are (i) to experimentally
investigate the performance of small ORC turbines, and (ii) to prove the potential of ORC
technology in the same power range, i.e., 10 kWe. Several design constraints and a number
of more general assumptions have to be imposed, beside those detailed in §2.3, in order to
meet the required experimental conditions. These are collected in Table 2.4, and most of
them have been described already in Table 2.2. For this reason, only the newly introduced
quantities are treated here. These data are thus used to perform the thermodynamic analysis
which, together with its results, is discussed in the next two subsections.
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Table 2.4: Design Constraints and Assumptions used in the thermodynamic analysis of the
turbine TS.

Variable Value

nominal thermal power (max), see §2.3 Q̇in,max 370 kWth

WF temperature (max), see §2.3 T1,max max(320 ◦C, TTD)
WF pressure (max), see §2.3 P1,max 25 bar

net power output ẆORC 10 kWe

condenser pressure (min) P6,min 0.3 bar
condenser temperature (min) T6,min 50 ◦C

cooling water temperature (in) TH2O,in 20 ◦C
Regenerator temperature diff. @ pinch point ∆TPP,REG 10 ◦C

Degree of superheating (for subcritical cycles) ∆Tsh 10 ◦C
Heat exchangers pressure losses ∆PHX max(1.0 % Pin, 0.1 bar)

Turbine efficiency ηts,TURB 70 %
Pump hydraulic efficiency ηis,PUMP 50 %

Mechanical transmission efficiency ηm,TRANSM 92 %
Electric machine efficiency ηe,EM 96 %

The first design constraint pertains to the delivered power ẆORC which is set to the
value of interest of 10 kWe. In order to achieve higher cycle efficiency, the condensing
pressure P6 has to be lowered with respect to that chosen for the nozzle TS (see §2.4), and
sub-atmospheric values must be accepted. The minimum value of 0.3 bar has been selected
following a trade-off analysis which considered the thermodynamic advantages (e.g., in-
creased turbine work) and the techno-economical disadvantages (e.g., increased dimensions
of the equipment due to the large volumetric flows) related to a decrease of P6. Further-
more, as we explained in §3.6, proper means are needed to reduce another negative effect
of this choice, i.e., those related with the intakes of ambient air into the set-up. Also the
minimum condensing temperature T6 is constrained, and a value of 50 ◦C is selected which
can be guaranteed under all foreseen operating conditions (e.g., given the maximum tem-
perature of the ambient air used for cooling). As for the nozzle TS, also in this case the
performance of the heat exchangers, expressed by the pinch point temperature differences
∆TPP within the same devices, have been given values taken from common practice in the
ORC field. However, the ∆TPP,REG has been lowered to 10 ◦C, with the aim of achieving
better cycle efficiency. A turbine total-to-static efficiency (i.e. ηts,TURB) of 70 % is assumed
which, according to preliminary calculations performed on machines of this type, seems to
be within practical reach [8]. All the remaining quantities in Table 2.4 have been given the
same values considered for the nozzle TS (see Table 2.2). Notably, in the present case the
losses due to the mechanical transmission and to the efficiency of the electric machines have
been considered not only for the pump, but also for the turbine assembly, through the value
of ηm,TRANSM and ηe,EM.

Procedure

The design procedure for the turbine TS is based on a system-level optimization aimed at
maximizing a single objective, i.e., the cycle thermal efficiency ηth,ORC. The considered
optimization variables are the thermodynamic conditions at the turbine inlet, i.e., T1 and
P1, and the condensing pressure P6 (nomenclature referring to Fig. 2.1). For each of the
WF’s of interest (see Table 2.1), these quantities are varied within the ranges defined by
the constraints collected in Table 2.4. Notably, depending on the WF characteristics, this
allows to consider both subcritical and supercritical cycle arrangements. For the latter, a
minimum degree of superheating 9 is specified, i.e. 10 ◦C , while for the former a minimum
value of T1 is estimated as a function of P1 by following the same approach adopted for the

9The temperature increase with respect to the saturation value at the given pressure
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nozzle TS (see §2.4). All the thermodynamic state points constituting the ORC can thus
be calculated. This, in turn, allows to evaluate ηth,ORC.

Results

The results follow the analysis conducted by means of the in-house code ORC-VPE 1.0. An
evolutionary optimization algorithm is used as the numerical method to solve the problem.
For a more detailed description, the reader is referred to a recent work by Bahamonde and
colleagues [5].

The analysis of the cycle calculation results shows that few candidate WF’s allow to
reach ηth,ORC values around 20%, which is the target system performance. These WFs
are siloxane MM, PFC’s PP2 and PP90, and toluene. Notably, a value of ηth,ORC ≈ 20%
is very ambitious for such a small experimental system, since these performance levels are
nowadays achieved by state-of-the-art ORC turbogenerators in the power range of hundreds
of kWe [10]. The detailed results concerning only the above mentioned fluids are shown in

Table 2.5: Results of the thermodynamic cycle calculation related to turbine-testing op-
eration, limited to candidate WF’s (see Table 2.1) allowing to reach a cycle net thermal
efficiency of the order of 20%.

fluid Q̇in Q̇REG Q̇COND ẆPUMP T1 P1 P6 T6 ηth,ORC ṁWF

[kWth] [kWth] [kWth] [kWe] [◦C] [bar] [bar] [◦C] [−] [kg/s]

MM 48.9 53.4 38.5 1.1 300 22.0 0.30 63 18.2 0.17
PP2 44.9 74.4 34.4 0.9 320 22.0 0.43 50 20.2 0.35

PP90 55.1 93.7 44.8 1.2 320 20.0 0.30 88 16 0.48
Toluene 47.7 21.6 36.9 0.6 320 25.0 0.30 73 19.7 0.09

Table 2.5, from which it can be concluded that:

• as expected, the thermodynamic optimization leads to cycles reaching the limiting
values for both the TWF,max and the P6 constraint (the only objective is the cycle
efficiency); and

• the power input, mass flow rates, and HX’s thermal loads are considerably lower than
those resulting for the nozzle experiment (see Table 2.3).

2.6 Siloxane MM as the design fluid

By comparing the results pertaining to the design of the nozzle and of the turbine TS’s,
collected respectively in Table 2.3 and 2.5, it can be seen that different candidate WF’s are
expected to be suitable for both experiments. In order to proceed with the design of the
ORCHID, it was decided to select one single fluid among all those reported in Table 2.3 and
2.5 for the preliminary design of the BoP, and in particular of the heat exchangers (design
fluid). The design fluid is siloxane MM since:

• it requires for the nozzle experiment the largest input thermal power among the WF’s
considered at this stage and, in this sense, dimensioning the BoP with MM as the WF
can be considered as a conservative choice based on the principle of dimensioning the
equipment on the worst-case-scenario,

• it is already successfully employed in commercial ORC power systems,

• there are data about its thermal stability characteristics [38], and accurate thermo-
dynamic models have been developed to predict its properties [14], and

• it is bulk-produced for the cosmetic industry, and its cost is thus comparatively low.
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Figure 2.6: T − s diagram of Siloxane MM, showing the ORCHID thermodynamic cycles
during nominal operation of the two TS’s. a: nozzle TS in operation (see Table 2.6 for the
state-points details), b: turbine TS in operation (see Table 2.7 for the state-points details).

Siloxane MM will therefore be the first WF to be tested in the ORCHID. However, the
design of the BoP has to be verified also against the operating conditions required by all
the other fluids (see Table 2.3 and 2.5), as detailed in the next section.

2.7 Nominal Operating Conditions

The complete details about the state-points constituting the ORCHID thermodynamic cy-
cles are collected in the two summarizing tables which follow, i.e., Table 2.6 for the nozzle
experiment, and Table 2.7 for the turbine experiment. Since siloxane MM is adopted as
the design fluid, the data relative to this fluid are labeled design in the tables, while those
pertaining to the other WF’s, which have to be considered for verification purposes (i.e.,
those collected in tables 2.3 and 2.5), are labeled consequently. As it is explained in §3.3,
Therminol 66 is the heat transfer fluid considered for use in the electric oil heater fluid
loop, and the properties of this compound have been used to evaluate the quantities of
state points 11 and 12.

2.8 Conclusions

This chapter presents the methodology developed for the design of the BoP of the ORCHID
set-up, based on the analysis of the various processes forming the thermodynamic cycle. The
aim of this analysis was to assess the potential of the proposed concept, i.e., a single BoP
for continuous operation of either of two experiments as described in §2.1. The analysis was
bounded by a number of general constraints of different nature, as detailed in 2.3. Several
candidate working fluids (WF’s) were considered, as explained in §2.2. The main results of
the analysis are as follows:

1. As detailed in §2.4, a BoP is conceivable for the ORCHID set-up which allows to
perform the envisaged fundamental studies in the NICFD field. The nozzle throat
area is fixed to the value of 200 mm2 and, under the assumptions collected in Table
2.2, only few WF’s among those collected in Table 2.1 are compatible with the desired
experimental conditions and, in particular, with a reduced pressure at the beginning
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Table 2.6: Operating conditions for the nozzle TS thermodynamic cycle, see also Fig. 2.6.
The data for the WF siloxane MM are those to be used to size all the BoP components,
i.e. for design purposes. The data for the other WF’s have to be considered for verification
purposes.

Quantity
Design Verification
MM MDM PP2 PP90 D4

Cycle general results ṁWF [kg/s] 1.55 1.55 3.01 2.58 1.59

Q̇in [kWth] 352.2 290.9 301.7 235.2 259.8

Q̇COND [kWth] 359.8 297.5 309.1 240.2 265.4

Q̇REG [kWth] 315.1 284 254.1 253.8 266.8

ẆPUMP [kWe] 8.6 7.4 8.4 5.6 6.3
State-point 1 P1 [bar] 18.4 15.6 22.7 17.6 14.7

PHX T1 [◦C] 252 299 219 264 321
Outlet/ h1 [kJ/kg] 355.9 419.8 137.1 204.2 413.0

Nozzle Inlet V̇1 [l/min] 726 428 346 288 386
State-point * P∗ [bar] 12.4 11.3 16.4 12.7 10.6
Nozzle Throat T∗ [◦C] 239 284 204 251 306

Conditions h∗ [kJ/kg] 349.5 416.8 135.3 202.8 410.4
ρ∗ [kg/m3] 68 100 254 243 112
c∗ [m/s] 113.6 77.5 59.1 53.0 71.0
A∗[mm2] 200 200 200 200 200

State-point 3 P3 [bar] 2.1 2.1 2.1 2.1 2.1
Nozzle T3 [◦C] 207 257 169 227 282
Outlet/ h3 [kJ/kg] 311 391 117.0 190.0 389.8
Receiver ρ3 [kg/m3] 9 12.2 21.1 26.3 14.6

Inlet U3 [m/s] 299.9 239.9 200.5 168.6 215.2
A∗/A3 [-] 0.348 0.377 0.282 0.344 0.394

M3 [-] 2.0 1.9 2.0 1.9 1.8
State-point 4 P4 [bar] 2.1 2.1 2.1 2.1 2.1

Receiver Outlet/ T4 [◦C] 230 271 189 240 295
Throttling Valve h4 [kJ/kg] 355.9 419.8 137.1 204.2 412.9

Inlet V̇4 [l/min] 10,902 7,907 9,003 6,074 6,741
State-point 45 P45 [bar] 1.1 1.1 1.1 1.1 1.1
Throttling Valve T45 [◦C] 229 270 188 240 294

Outlet/ h45 [kJ/kg] 355.9 419.8 137.1 204.2 412.9

Regen. Hot Inlet V̇45 [l/min] 21,260 15,580 17,559 11,917 13,310
State-point 5 P5 [bar] 1.0 1.0 1.0 1.0 1.0

Regen. T5 [◦C] 122 174 97 146 197
Hot Outlet/ h5 [kJ/kg] 153.2 236.5 52.6 105.7 245.5

Condenser Inlet V̇5 [l/min] 17,963 13,741 15,157 10,445 11,810
State-point 6 P6 [bar] 1.0 1.0 1.0 1.0 1.0

Condenser Outlet/ T6 [◦C] 100 153 75 124 176
Pump Inlet h6 [kJ/kg] -78.3 44.5 -50.1 12.6 78.9

V̇6 [l/min] 130 135 102 90 123
State-point 7 P7 [bar] 18.5 15.7 22.8 17.7 14.8
Pump Outlet/ T7 [◦C] 102 154 77 126 177

Regen. h7 [kJ/kg] -73.4 48.8 -47.6 14.5 82.4

Cold Inlet V̇7 [l/min] 129 134 101 89 122
State-point 8 P8 [bar] 18.5 15.7 22.8 17.7 14.8
Regen. Cold T8 [◦C] 192 237 157 208 261

Outlet/ h8 [kJ/kg] 129.3 232.0 36.8 112.9 249.9

PHX Inlet V̇8 [l/min] 165 168 126 113 153
State-point 9 T9 [◦C] 20 20 20 20 20

Air Cooler Delivery ṁ9,water [kg/s] 4.3 3.6 3.7 2.9 3.2
State-point 10 P10 [bar] ≈ 1.0 ≈ 1.0 ≈ 1.0 ≈ 1.0 ≈ 1.0

Air Cooler Return T10 [◦C] 40 40 40 40 40
State-point 11 T11 [◦C] 277 324 244 289 345

Oil Heater Delivery V̇11 [m3/h] 39.1 31.6 34.2 26.0 27.9
State-point 12 T12 [◦C] 261 308 228 273 329

Oil Heater Return ṁ12,oil [kg/s] 9 6.9 8.1 5.9 6.0



2.8. CONCLUSIONS 25

Table 2.7: Operating conditions for the turbine TS. The data for the WF siloxane MM are
those to be used to size all the BoP components, i.e. for design purposes. The data for the
other WF’s have to be considered for verification purposes.

Quantity
Design Verification
MM MDM PP2 PP90 Toluene

Cycle general results ṁWF [kg/s] 0.17 0.26 0.35 0.48 0.09

Q̇in [kWth] 48.9 61.4 44.9 55.1 47.7

Q̇COND [kWth] 38.5 51.1 34.4 44.8 36.9

Q̇REG [kWth] 53.4 78.0 74.4 93.7 21.6

ẆPUMP [kWe] 1.1 1.1 0.9 1.2 0.6
State-point 1 P1 [bar] 22 14 22 20 25

PHX T1 [◦C] 300 320 320 320 320
Outlet/ h1 [kJ/kg] 466.1 492.7 271.3 281.1 438.7

Nozzle Inlet V̇1 [l/min] 89 148 110 99 86
State-point 4 P4 [bar] 0.45 0.45 0.58 0.45 0.45

Receiver Outlet/ T4 [◦C] 249 284 282 287 233
Throttling Valve h4 [kJ/kg] 398.4 449.9 239.0 257.8 314.6

Inlet V̇4 [l/min] 5,915 6,820 4,761 6,109 5,514
State-point 5 P5 [bar] 0.35 0.35 0.48 0.35 0.35

Regen. T5 [◦C] 77 126 63 102 87
Hot Outlet/ h5 [kJ/kg] 79.6 155.0 26.2 64.4 77.2

Condenser Inlet V̇5 [l/min] 5,029 6,184 3,403 5,167 5,010
State-point 6 P6 [bar] 0.30 0.30 0.43 0.30 0.30

Condenser Outlet/ T6 [◦C] 63 112 50 88 73
Pump Inlet h6 [kJ/kg] -150.5 -38.0 -71.7 -28.0 -328.1

V̇6 [l/min] 13 22 11 16 7
State-point 7 P7 [bar] 22.2 14.1 22.2 20.2 25.3
Pump Outlet/ T7 [◦C] 65 113 52 89 75

Regen. h7 [kJ/kg] -144.8 -34.3 -69.3 -25.8 -322.1

Cold Inlet V̇7 [l/min] 13 21 11 16 7
State-point 8 P8 [bar] 22.2 14.1 22.2 20.2 25.3
Regen. Cold T8 [◦C] 210 249 221 248 190

Outlet/ h8 [kJ/kg] 174.0 260.6 143.5 167.5 -84.8

PHX Inlet V̇8 [l/min] 19 30 49 27 8
State-point 9 T9 [◦C] 20 20 20 20 20

Air Cooler Delivery ṁ9,water [kg/s] 0.46 0.61 0.41 0.53 0.44
State-point 10 P10 [bar] ≈ 1 ≈ 1 ≈ 1 ≈ 1 ≈ 1

Air Cooler Return T10 [◦C] 40 40 40 40 40
State-point 11 T11 [◦C] 325 345 345 345 345

Oil Heater Delivery V̇11 [m3/hr] 5.3 6.6 4.8 5.9 5.1
State-point 12 T12 [◦C] 309 329 329 329 329

Oil Heater Return ṁ12,oil [kg/s] 1.2 1.4 1.0 1.3 1.1

of the expansion P1,R = 1.1. These are siloxanes D4 and MDM; and perfluorocar-
bons PP2, PP80 and PP90. Another WF of particular interest, i.e., siloxane MM,
can be considered among the suitable compounds upon reducing the inlet pressure
requirement to P1,R = 0.95. The corresponding results are listed in Table 2.3.

2. As detailed in §2.5, a BoP is conceivable for the ORCHID set-up which allows to
perform the envisaged experiments on ORC turbines and systems in the power range
of 10 kWe. Under the assumptions collected in Table 2.4, only few WF’s among those
collected in Table 2.1 are compatible with the desired experimental conditions and,
in particular, with a cycle thermal efficiency of the order of 20 %. These are siloxane
MM, perfluorocarbons PP2 and PP90, and toluene. The corresponding results are
listed in Table 2.5.

3. Based on the calculated results, the set-up concept presented in §2.1 has been pos-
itively assessed. The layout and constraints are compatible with the possibility of
performing all the experiments of interest with several WF’s. However, the large
variations of process variables among different experiments and WF’s require special
design solutions.

4. As detailed in §2.6, siloxane MM is chosen among the selected WF’s as the design
fluid, i.e., the WF on which the sizing of the BoP components is based, as described
in the following chapters.
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5. As detailed in §2.7, the nominal design operating conditions are collected in Table 2.6
for the nozzle experiment, and in Table 2.7 for the turbine experiment. As anticipated,
the data pertaining to MM (indicated as Design in the tables) are used to size the
BoP components. The data pertaining to the other WF’s (indicated as Verification
in the tables) are used to verify that the obtained BoP design still conforms to the
requirements allowing to test all the WF’s of interest. In general, and for all the
WF’s of interest, the nozzle experiments require a thermal input which is one order
of magnitude larger than what is required by the turbine experiments. Consequently,
the circulating WF mass flow rate and the thermal load of all the HX’s are much
larger in this case. On the contrary, the turbine experiments require more demanding
HX’s performance in terms of maximum WF temperature. As detailed in the next
chapter, this has relevant implications.



Chapter 3

Requirements and Specifications for
the BoP Hardware

This chapter summarizes the specifications of the BoP hardware, following the results of the
previous chapter. The design of the nozzle and of the turbine test sections is not treated.
The only preliminary specifications of the test sections affecting the BoP design described
here are the length and width of the skid that accommodates them. The BoP can then
be appropriately designed around them. Besides the design specifications for the main
components of the BoP, technical solutions are proposed. These design solutions should
be taken as options open for discussion with the company in charge of detailed design and
construction of the ORCHID BoP, and need to be verified with the OEM’s supplying all
the components. For this reason open questions are also included in the treatment.

As a general requirement valid for all the components, the main construction material
must be stainless steel. This not only includes primary hardware but also piping, valves,
and instrumentation. The main reason is that the presence of metal oxides can enhance
the thermal degradation reactions of the adopted WF’s, see also §2.2. Moreover, pressure
equipment of the set-up has to be designed with a safety margin of 2, namely considering
for its sizing an operating pressure double the nominal value. If this is not possible or too
complicated to be implemented, e.g., for high-temperature components such as the PHX,
a safety margin of at least 1.6 shall be guaranteed. All set-up equipment pertaining to the
working fluid circuit will be subjected to a water-pressure test prior to its acceptance.

3.1 APP Laboratory Location and Layout

The ORCHID facility will be located within the Aerospace Propulsion and Power (APP)
Laboratory which is being constructed in the compressor hall of the Aerodynamic High
Speed building (HSL) at Kluyverweg 2, Delft, 2629 HS. The space dedicated to the ORCHID
is shown in Fig. 3.1, indicated as Zone A. It features a surface area of about 20 m2, while
the heater and cooling water loops will be located externally to the lab (Zone B and C,
respectively). Several air coolers are already installed to serve the HSL (Zone D), and
might be considered as a complementary source of cooling power for the ORCHID set-
up. It is to be noted that another facility, called Combustion Lab. (Zone E), will operate
alongside the ORCHID. It is a set-up which uses several potentially hazardous gases such as
hydrogen, oxygen, and methane (supplied through low pressure lines from 50 liters standard
cylinders located outside the HSL) for combustion tests. The potential risks induced by the
combustion Lab., and how these should be kept into account while designing the ORCHID
BoP, is left for investigation to the company performing the detailed design of the ORCHID.

Figure 3.2 provides a more detailed view of what is indicated as zone A in Fig. 3.1,
i.e., the ORCHID set-up space, with the estimated dimensions of the main components and
of the room required for optical measurements. All the ORCHID components, i.e., both

27
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Zone Legend

 D B A  C  E

C. ORCHID Air Coolers

B. Thermal Oil Boiler

D. HSL Air Coolers

A. ORCHID
    Lab.

E. Combustion
    Lab.

Figure 3.1: Schematic Layout of the High Speed Lab. showing the main zones. A: OR-
CHID Lab., B: Thermal Oil Boiler, C: ORCHID Air Coolers, D: HSL Air Coolers and E:
Combustion Lab.
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Figure 3.2: Detailed view of the space allocated for the ORCHID Lab. within the High
Speed Lab., i.e., detailed view of what is indicated as zone A in Fig. 3.1. The main
components of the optical measurement system are also shown, i.e., the LASER, mirrors,
and screen, as well as the optical path (blue dashed line).

the BoP and TS’s, must be placed in a test room isolating them from the rest of the HSL
hall. The primary function of the room is to circumscribe the risk of fire and leakage of hot
vapors1 in a controlled enclosure with suitable ventilation and fire prevention systems. The
main requirements of this test room are briefly outlined in the following list:

• The room should have a door, glass windows with metallic-net inserts and a light-
ing/electrical system;

• It must be equipped with a fire prevention system and fire proof ventilation;

• Because the ORCHID facility is heated permanently during the experimental ses-
sion (i.e., for several days), ventilation is needed to maintain constant environmental
conditions (≈ 25 ◦C);

• The estimated volume of the room is 60 m3 thus the ventilation should provide ca.
1000 m3/h;

• It should be equipped with an oxygen level sensor to check that no relevant leakage
can pose a danger to the operator;

1Notably, these risks are relatively low because the fluids employed have low flammability and tend to
condense when released into the environment.
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• The bridge crane should be able to access the ORCHID area. A removable roof is
thus needed;

• In case any working fluid from the ORCHID facility leaks, the flooring of the test
room should prevent any outflow to the HSL hall;

• The room should be equipped with acoustic foam panels to attenuate noise generated
during the experiments. Moreover, noisy components like the turbine shall have a
dedicated noise insulation system; and

• Wiring of the facility shall be such as to allow remote control. Control panels and
monitors of the control system will be installed outside the room as shown in Figure
3.2.

3.2 Test Section Positioning

A simplified layout of the ORCHID set-up is shown in Fig. 3.3, with the main components
depicted as prisms. The area in which the TS’s will be placed is worth particular attention:
it must be possible to operate both the TS’s independently. To this end, a stacked solution
whereby the turbine is placed on top of the nozzle in a rack or skid could be a possibility.
The BoP must thus have inlet and outlet ports at the interfaces with the TS’s, and a by
pass system to allows the operator to select which TS to use. The proposed location for the
skid in which the TS’s are stacked upon one another can be seen in both Fig. 3.2 and Fig.
3.3. The area occupied by the TS’s skid must satisfy the following space and configuration
requirements

• The two TS’s should be mounted on a skid in a vertical configuration with the turbine
stacked on top of the nozzle. The skid occupies a volume of approximately 2 x 0.6 x
1.8 m (length x width x height); and

• The arrangement of the BoP should allow for an easy access to the TS’s, while pre-
serving the space needed to perform the envisaged measurements. In particular, the
optical measurement techniques require several pieces of equipment (such as, e.g., a
LASER, a camera, and several mirrors) positioned around the TS’s skid as shown in
Fig. 3.2. Furthermore, the optical path between these components – depicted as a
blue dashed line in the same figure – must not be obstructed. It is thus recommended
that a minimum distance of 1 m surrounding the TS’s skid is left free from any other
infrastructure or component.

3.3 Thermal Oil Electric Heater

Among the various technical options for the transfer of energy as heat to the working fluid,
the thermal oil electric heater has been selected, even if it is more expensive than other
solutions such as, e.g., a gas burning heater. A thermal oil electric heater allows for an
easy modulation of the thermal power, reducing the uncertainty in the system thermal
input and consequently in the measurements. Moreover, industrial electric heaters employ
thermal oils as the thermal fluid which provides several advantages with respect to steam.
These advantages include

• the possibility to reach high temperatures (e.g., in excess of 300 ◦C) at atmospheric
pressure, with lower operational risks and costs due to the lower pressure levels (no
certified staff required);

• the possibility to avoid the pre-treatment of the thermal fluid, as is the case if water
is adopted;

• the possibility to reduce the risk of corrosion or freezing of the thermal fluid; and
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• lower maintenance costs.

The envisaged specifications for the thermal oil electric heater are summarized as follows.

• The capacity in terms of input electrical power must be as close as possible to the
maximum available power of 400 kWe (see also §2.3), and the maximum operating
temperature for the thermal oil must be above 340 ◦C;

• It is preferable that the thermal fluid is low in toxicity. The thermal fluid considered
hereafter in the document is Therminol 66;

• The heater shall be located outside the lab, i.e., in Zone B in Fig 3.1. Therefore,
a containerized solution is arguably the best option, also to the end of ensuring the
integrity of the heater in all environmental conditions (i.e., from −10 ◦C to 30 ◦C).
The container must also be equipped with fire detection and extinction systems;

• The heater must be controlled remotely from Zone A (Fig 3.1). In particular, the
electrical input must be easy to modulate in order to operate in part-load conditions;

• The oil boiler should be equipped with an expansion tank to prevent over-pressurizing
the circuit and to handle the risks associated with oil leakage; and

• The feed and return oil lines which lie between Zone A and B (Fig. 3.1) must be
insulated.

According to the knowledge gathered by discussing with heaters manufacturing companies,
it appears that the most common operating mode for these components is to deliver a con-
stant volumetric flow of HTF at a prescribed temperature. Furthermore, the temperature
drop of the HTF between the heater inlet and outlet must be typically limited to values
smaller than 20 ◦C. These characteristics have been considered in the calculations presented
in the previous sections.

For the selection of the heater, it is thus fundamental to ensure that the heater can
provide the needed HTF flow rate at the set temperature, for all operating conditions, i.e.,
those summarized in Tables 2.6 and 2.7. It is worth highlighting that these are specified
at the entering ports of the primary heat exchanger and, as a consequence, all the thermal
losses occurring within the heater (i.e., the heater thermal efficiency) and in the connecting
pipes have also to be properly accounted for. As a preliminary estimation, all such losses
should not account for more than 2.5% of the electrical power input or, in other words,
the thermal power available on the oil side of the PHX should not be lower than 390 kWth

during nominal operation at maximum load.

3.4 Air Coolers

The cooling circuit of the facility is required to dissipate the maximum heat duty of the
ORCHID, i.e., approximately 400 kWth. The system consists of a cooling water loop that
transports the thermal energy from the condenser to a bank of air coolers outside the
building in Zone C (Fig. 3.1). A bank of air coolers, with a cooling power of ≈ 300kWth

is already in use and is located in Zone D. These are used to cool the air delivered by the
main HSL compressor before storing it. As the compression process takes place during the
night, the HSL air coolers are not used during the day. For this reason, the possibility exists
to exploit this existing hardware in order supply part of the cooling power needed by the
ORCHID. This option shall be further discussed with the technicians of the HSL.

The envisaged specifications for the air coolers are summarized in the following list,
and have been established in order to comply with the assumptions of the thermodynamic
analysis presented in the previous chapter.

• The cooling capacity of the air coolers must be at least 400 kWth;
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• The cooling water conditions at the condenser inlet should be: temperature ≈ 25 ◦C,
and mass flow rate ≈ 4.0 kg/s. The expected increase of water temperature in the
condenser is ≈ 20 ◦C;

• The air cooling system shall be located outside the lab, i.e., in Zone C (Fig 3.1), or
be integrated with the existing air coolers, i.e., in Zone D;

• The air coolers (Zone C and/or D) should be remotely controlled from Zone A to
regulate the delivery temperature of the water; and

• A mixture of glycol-water should be used to avoid freezing.

An open question which needs to be discussed is how to control the WF pressure in the
condenser of the set-up. A possible option is to properly modulate the delivery temperature
of the cooling water by controlling the rotational speed of the fans of the air coolers. It
is probably not necessary to use a variable speed pump. This is to be checked with the
company in charge of the detailed design of the set-up.

3.5 Primary Hardware

In this section the specifications regarding the main hardware components of the ORCHID
BoP such as, e.g., the heat exchangers and the pump, are discussed.

Heat Exchangers

General guidelines have been derived for the design of these components. Companies that
are partners in the ORCHID-related research projects and that will be contacted in rela-
tion to the procurement of the heat exchangers are: Bosch, Dana-Spicer, Nefit, Eastman
Therminol. The heat duty of the heat exchangers (HX’s) varies significantly depending on
the test section in operation and the considered WF, as detailed in §2.7. This poses several
design challenges, in particular regarding the sizing of the high-temperature HX’s, i.e., the
PHX and the regenerator.

Considering the nominal thermal load required at the PHX, for instance, this is typically
one order of magnitude larger for the nozzle experiments than is for the turbine experiments.
After a preliminary analysis, a viable solution to enhance the flexibility of the set-up in this
sense is deemed that of adopting a configuration with several HX’s in parallel. Instead of
attempting to design a single HX able to cope with all the envisaged operating conditions,
the required thermal load is split over a number of smaller HX’s arranged in parallel. In
this way, the number of HX’s in operation can be easily controlled by excluding some of
them from the circuit, in order to match the required thermal load while allowing to fine
tuning the thermodynamic conditions at the HX’s outlet. Several advantages are predicted,
related to the possibility of operating the HX’sclose to their nominal operating point. This
is expected to reduce the risk of significant drops of the heat transfer performance due to
flow maldistribution, and thus the insurgence of hot-spots within the HX.

Furthermore, there are several particular issues which have to be accurately considered
such as, in particular, the need of (i) allowing for the WF heating process at both super-
critical and sub-critical pressure, and (ii) minimizing the surface area occupied by the
set-up. A preliminary technology evaluation led to consider plate heat exchangers as the
most promising solution for the high-temperature HX’s of the ORCHID BoP, i.e., the PHX
and the regenerator.

The preliminary sizing of these plate HX’s can be performed by considering the oper-
ating condition for the turbine test section as the design point, while the number of units
in parallel can be defined by matching the nozzle operating conditions. This approach is
motivated also by the fact that, as discussed in §2.8 (see in particular point 5), the operat-
ing conditions for turbine testing are the most demanding, i.e., the temperature differences
which must be established within the HX’s are lower than what is needed for the nozzle
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experiments.

The design of condenser, on the contrary, can be performed based on the larger ther-
mal load requirement, i.e., that specified by the nozzle experiments. The compatibility
of the obtained results with the operating conditions required for turbine testing is then
checked a posteriori. A shell and tube heat exchanger seems more suitable to handle the
sub-atmospheric conditions necessary for the turbine experiments, in particular regarding
the venting of non-condensible gases during operation or before start-up. In order to reduce
pressure drops, the condensing vapor flows in the shell, while the cooling water in the tubes.

The operating conditions for the design of the ORCHID HX’s are provided in Table 3.1.
As detailed in §3.3, the thermal oil Therminol 66 is assumed as the fluid adopted in the
electric oil heater, while water is adopted in the cooling circuit. The design thermodynamic
conditions of the considered fluid, i.e. siloxane MM (see §2.6), are collected in Table 2.6 for
the nozzle experiment, and in Table 2.7 for the turbine experiment, and are added to Table
3.1 for the sake of clarity.

Table 3.1: Design input for the primary heat exchanger (PHX), the regenerator (REG) and
the condenser (COND). The considered HTF is Therminol 66.

Nozzle experiment Turbine experiment

PHX REG COND PHX REG COND
Side Hot Cold Hot Cold Hot Cold Hot Cold Hot Cold Hot Cold

Phase L LV V L VL L L LV V L VL L
Fluid HTF MM Water HTF MM Water

ṁ [kg/s] 9 1.55 4.3 1.2 0.17 0.46

Q̇ [kWth] 352 315 360 49 53 39
Tin [◦C] 277 192 229 102 122 20 325 210 249 65 77 20
Tout [◦C] 261 252 122 192 100 40 309 300 77 210 63 40
Pin [bar] ≈ 1 18.4 1.1 18.5 1 ≈ 1 ≈ 1 22.2 0.45 22.2 0.3 ≈ 1

V̇in [l/s] 10.9 2.8 354.3 2.2 299.4 4.3 1.47 0.32 98.6 0.22 83.8 0.46

Some additional design specifications and requirements for the HX’s are

1. The design of the HX’s should be checked against the operating conditions for the
different WF’s (see §2.8).

2. Also the dynamic performance of the HX’s must be carefully evaluated, both during
nominal operation and start-up/shut-down procedures.

3. All the HX’s should be stacked in a skid mounted configuration to make the entire
set-up more compact.

4. With reference to zone A in Fig. 3.1, the HX skid should be located along the wall of
the lab,

5. It should be possible to easily remove components of the HX’s from the skid for
maintenance purposes,

6. A venting system is required in the condenser to achieve and maintain sub-atmospheric
pressure levels,

7. If a configuration with multiple HX’s is adopted for the PHX and the regenerator,
each HX should be equipped with a check valve to exclude it from the circuit and be
instrumented with temperature and pressure measurement devices, and

8. All the HX’s should be insulated to minimize heat losses in the system and to guar-
antee a safe operating environment.
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Moreover, there are some technical questions pertaining the selection of HX’s which have
not been addressed yet and are thus left for further discussion with the company in charge
of the detailed design/construction of the set-up. These are:

1. is there a possibility to clean the heat exchangers?

2. what is the allowable rate of change of heat load in order to avoid damaging the plate
heat exchangers during start-up and shut-down procedures?

3. is the adoption of a configuration with multiple HX’s in parallel advantageous from
the economic and practical points of view?

System charge tank

A system tank after the condenser is needed to decouple the maximum and minimum
pressures of the circuit by accommodating fluid density variation during operation. It is
used also as a charging point of the circuit and as a storage tank when the facility is not in
operation. The charge tank is required to

1. be sized to accommodate fluid density variation in all operating range of the set-up
without the need of liquid level control; and

2. be insulated.

ORCHID Feed Pump

The feed pump should modulate the flow in the circuit in a wide operational range. With
reference to Table 3.1 and 3.2, the volumetric flow at the pump inlet for the nozzle test
section varies between 88-130 l/min depending on the working fluid, while for turbine testing
the flow reaches a maximum value of 18 l/min in case of MDM. Whereas the differences
between the two TS’s in terms of pressure head required of the pump are limited, being
the maximum pressure of the thermodynamic cycle in the range of 15 to 25 bar. These
specifications fall within the operational range of volumetric pumps. In addition, the start-
up of the facility is expected to require additional pumping power for reasons associated
to stabilizing the supersonic flow and overcoming viscous effects in the nozzle and test
section channel. The increase in pressure can be easily managed with a volumetric pump
but may require an over sizing of the electric motor. Despite the high flexibility of these
pumps in terms of mass flow rate control, it seems difficult to find a unique speed-controlled
pump that can cover all the operational range required by two TS’s. To comply with these
requirements two design solutions have been considered, i.e.,

1. multiple pumps in parallel; or

2. a single variable speed pump with a bypass circuit.

The solution with the bypass seems more promising due to reasons associated with costs.
Additionally the bypass circuit allows a smoother start-up to avoid over-pressurising the
heat exchangers. Regardless of the chosen solution, a damper is required to smooth out
flow fluctuations generated by the volumetric pump. The optimal position for the damper
is probably downstream of the bypass circuit. The system pump must fulfill several require-
ments, i.e., it must be:

1. capable of a wide operational range (operating conditions that should be considered
for the design are provided in Table 3.1);

2. equipped with a damper. Flow fluctuations should be limited to 0.5-1% of the nominal
volumetric flow rate of the pump;
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3. such that the required NPSH at the inlet is lower than 1-2 m since the current cycle
configuration of the facility does not allow for an active control of the sub-cooling of
the working fluid in the condenser (This issue can be possibly overcome by installing
an additional heat exchanger downstream of the system tank); and

4. able to avoid contamination of the working fluid with the lubricant (if any).

Table 3.2: Design inputs of the System Pump (with siloxane MM as the working fluid)

Nozzle Turbine

V̇in l/min 130 11

ẆPUMP [kWe] 7.6 0.9
Tin

◦C 100 63
Pin [bar] 1.0 0.3
Pout [bar] 18.5 22.2

Throttling Valve

This valve is located after the receiver of the nozzle test section, (after Station 4 of Figure
2.1). The aim of the valve is to decouple the pressure of the outlet of the nozzle and the
pressure of the fluid as well as to vary the expansion ratio in the nozzle. The valve should:

1. be fast acting;

2. be designed for safe operation; and

3. feature a nominal pressure drop across it of 1 bar.

It is not yet known which valve flow characteristic (linear or equal percentage) is more
suitable for operation.

3.6 Auxiliary Systems

A number of auxiliary systems are needed to ensure regular operation of the ORCHID
facility. Among these, particularly important are the vacuum system and the Particle
Image Velocimetry (PIV) circuit, which are described in the following.

Vacuum System

As discussed in §2.2, the adopted WF’s tend to degrade at high temperature, and the pres-
ence of oxygen strongly enhances the involved reactions accelerating the WF decomposition.
It is thus very important that

• the system is designed to be leak-tight, particularly regarding air intakes in sections
that might be operated at sub-atmospheric pressure (e.g., during start-up). The fact
that such sections can concurrently be heated up to high temperatures must also be
considered;

• an inert-pressurization system must be designed, which allows to fill the set-up (or
parts of it) with inert gases such as, e.g., nitrogen and helium. This serves at least
two important purposes. Firstly, pressurizing with an inert gas at super-atmospheric
pressures avoids air-intakes, and prolongs the fluids operative life. Secondly, pressur-
ization with helium allows locating leakage with specialized equipment available in
the lab. Given the required low pressure levels, and according to previous experience,
the pressurization system can fruitfully exploit the same access points designed for
the vacuum system (see next point), in order to reduce cost and complexity;
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• a vacuum system is needed, which allows to extract all the non-condensible gases from
the setup (or parts of it). A series of access points (or Vacuum Ports, VP) should
be inserted in the most critical points of the setup such as, e.g., close to the most
bulky components, i.e., the heat exchangers. Each VP should be equipped with an
actuated valve. This would allow to implement automatic vacuum procedures, for
instance during plant start-up, minimizing the risks related to operators’ errors. All
the VP’s are connected to a single vacuum pump. According to previous experience,
an absolute vacuum level in the system of the order of 1 mbar can be considered
satisfactory. The VP could simply be vacuum connections welded to the BoP piping
(open for discussion).

A preliminary arrangement of the VP’s within the ORCHID facility layout is shown in Fig.
2.1.

PIV Circuit

In order to perform optical flow measurements based on the Particle Imaging Velocimetry
(PIV) technique, the working fluid circulating in the system must be inseminated with
particles acting as tracers. The envisaged tracers for the ORCHID experiments are titanium
oxide particles with diameter between 50 µm and 150 µm. The amount of needed circulating
particles is expected to be in the range of few grams per kg of circulating WF. The PIV
circuit is the system of devices designed to inject and extract particles from the system,
and the BoP needs to accommodate it.

The particles insertion needs to be performed during normal operation, i.e. with the
running setup, in order to fine-tune the amount of circulating seeding. For this reason, a
specially conceived device has to be designed to be connected to a flanged pipe welded in
vertical position just downstream the liquid separator. This process connection is indicated
as PIV Access Point (i.e., PIV-AP) in Fig. 2.1.
The particles extraction is performed before the facility shut-down by diverting the flow
through the filtering branch, just downstream the pump bypass system. This process con-
nection is indicated as PIV Filtering (i.e, PIV-F) in Fig. 2.1.





Chapter 4

Requirements and Specifications for
the DAQ and Control Systems

4.1 Control System

The objectives of the control system are:

1. To guarantee the required operating conditions at the inlet and outlet of the TS’s. The
process variables which have to be tightly controlled in order to assure the reliability
and success of the experiments are the temperature and pressure of the vapor in the
settling chamber (or in the plenum before the two TS’s) and the backpressure of the
nozzle and the turbine. However, since a volumetric pump is most likely selected, a
better controlled variable is the volumetric flow delivered by the pump rather than
the TS’s inlet pressure. Possible control loops are described in §4.2;

2. to manage the start-up (or shut-down) of the set-up by performing an appropriate
sequence of procedures until the required operating conditions are reached. The start-
up process should be fully automated due to the long time which may be needed and
for safety reasons. A qualitative description of the main steps of the envisaged start-up
procedure is illustrated in §4.3;

3. to minimize process disturbance effect on measurements (process disturbance rejec-
tion). Low frequency disturbances acting on the system are the variation over time
of environmental conditions and of set-up heat losses as well as accumulation of in-
condensable gases in the condenser. High frequency noise in the process parameters
is caused by mass flow fluctuations due to the intrinsically periodic operation of the
volumetric pump of the system and fluid dynamic instabilities induced by the experi-
ments in the nozzle TS. Despite process noise in the measurements can be minimized
by averaging over time the acquired data thanks to the closed loop configuration of
the set-up, for the success of the experiments it is desirable that the controller is able
to maintain deviations from set point of main process variables within the following
indicative ranges:

• Fluid temperature at the inlet of TS’s: ± 1 ◦C;

• Pressure at the inlet of TS’s in the range ± 0.2 bar

• Back pressure (outlet pressure) of TS’s in the range ± 0.02 bar.

These ranges were determined so as to ensure that fluctuations of the main process
variables of the nozzle experiment, namely the working fluid mass flow rate and the
Mach number along the nozzle, are kept respectively within ± 2% and ± 0.5% of
their target values. The resulting uncertainty level of the measurements is deemed
adequate for the purposes of the experiments. A control system able to meet the

39
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strict requirements needed for the nozzle TS might be suited also for the turbine TS,
because the process variables to be measured in this case are much less sensitive to
the set-up operating conditions.

4. To ensure operational safety and to protect the set-up equipment. The control system
should comply with the ramp rates1 compatible with the different component of the
set-up. It should perform a safety shut-down of the system if a malfunction situation is
detected (e.g. overpressure in the circuit, fire detection, ect.) and signal the anomaly
to operators. The set-up operation can be also interrupted by the operators in case
they recognize an emergency situation, for instance with an emergency stop button
outside the laboratory.

The programming of the control system using a high-level graphical language (e.g. Lab-
View) is highly recommended. This allows an easier modification of the control loops in
case of future adaptations of the set-up as well as a simpler implementation by the P&P
staff of data reconciliation and gross error detection algorithms for online monitoring of
sensors accuracy.

4.2 Control Loop

This section describes a possible configuration for the control system, consisting of the
following main control loops in parallel (see Figure 4.1).

1. The first control loop regulates the mass flow rate of the working fluid in the circuit
and indirectly therefore the pressure at the inlet of the TSs. Given the temperature
at the outlet of the PHX, the pressure is set by the flow characteristic of the nozzle or
of the turbine. The manipulated variables are the rotational speed of the volumetric
pump and the position of the actuator of the pump by-pass valve when the decrease
of pump speed is not sufficient to reach the low mass flow rate required for turbine
testing or is too inefficient.

2. The second control loop aims at regulating the working fluid temperature at the
PHX outlet. The set-point of this temperature depends on the desired pressure at TS
inlet in order to avoid fluid condensation during the expansion in the turbine or in the
nozzle. In case of subcritical operation, the superheating is 5-10 ◦C. The manipulated
variables are the set-points of the mass flow rate and delivery temperature of the
thermal oil, which are managed by the controller of the electric heater.

3. The third control loop shall stabilize the condensing pressure of the system by
regulating the rotational speed of the fans of the air coolers.

4. The fourth control loop adjusts the expansion ratio of the nozzle by varying the
pressure drop in the throttling valve downstream of the nozzle receiver. The aim
of this controller is to provide fast regulation of the expansion process and to reject
pressure disturbances at the TS outlet. This is not achievable with the control loop
that regulates the condensing temperature of the working fluid, due to the relatively
high thermal inertia of the condenser and the cooling water circuit.

4.3 Start-Up

The main steps of the cold start-up procedure of the ORCHID are qualitatively described.
Cold start-up means that the fluid that resides in the ORCHID circuit is at room temper-
ature. The definition of this procedure is at the basis of the detailed design of the set-up
because it allows to determine the auxiliary components of the facility, such as check valves,

1the rate at which the thermal load of a component can be increased or decreased
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by-pass loops, the liquid separator tank (see PFD in 2.1), etc. For this reason, the start-up
sequence reported in the following for the nozzle TS 2 should be intended as a preliminary
attempt aiming at establishing the specifications for the development of the Process and
Instrumentation Diagram (P&ID) of the plant. The system shut-down is instead expected
to be less relevant in this regard, because the process constraints involved in such operation
(maximum time, allowable rates of load changes, etc. ) are not so stringent as those of
start-up. The shut-down procedure will be thus analysed when the P&I diagram of the
ORCHID is defined with a higher degree of detail.
The start-up procedure consists of the following steps:

1. At cold conditions, assuming MM as working fluid, the condenser pressure should be
between 40-70 mbar. If this is not the case, the vacuum pump is activated unill the
pressure reaches the set value;

2. The valves at the inlet of the regenerator and TS shall be closed, while the throttling
valve downstream of the nozzle and the by-pass valve of the pump are opened;

3. Cooling water circuit must be activated before any other operation;

4. The electric heater is started up and preheated;

5. The working fluid feed pump can now be put into operation, maintaining the by-pass
valve fully open and the check valves on the regenerator admission closed;

6. The valve at the regenerator inlet is smoothly opened and the opening of the by-pass
valve and the rotational speed of the pump are modulated in order to achieve the
desired mass flow rate in the circuit. The value of the initial set-point for the working
fluid mass flow rate depends on the allowable rate of change of the heat load in the
PHX and the capacity of the liquid separator 3;

7. The thermal oil is sent to the PHX to heat up the working fluid. The oil temperature
and mass flow rate are progressively increased in compliance with the allowable ramp
rates for the heat exchanger;

8. The valve at the TS inlet is opened and dry vapor starts to circulate and warm-up
the TS and the regenerator;

9. The control loop for condensing pressure is activated;

10. The working fluid and thermal oil mass flow rate are gradually increased until the
nominal operating conditions required for the experiments are achieved. In order to
prevent considerable fluid condensation in the TS, the load ramp should be such that
highly superheated vapor is obtained at the PHX outlet;

11. Finally the desired backpressure of the nozzle is set by regulating the throttling valve
downstream of the nozzle receiver.

2Turbine start-up has not been analyzed yet, since the design of this test section is at an initial stage.
3The liquid separator could be quite expensive due to the high temperature and pressures at which it

operates. An alternative consists in realizing a by-pass circuit to conduct the working fluid to the set-up
condenser till dry vapor condition at the PHX outlet are achieved. This can be accomplished quite quickly
by a proper modulation of the mass flow rate pumped in the circuit. In such a case a sight glass should be
placed on the by-pass pipe. When at a visual inspection the vapor stream appears dry, the by-pass valve is
closed and the working fluid can start to flow in the TS. The drawback of this solution is that the start-up
procedure cannot be fully automated.
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4.4 Measurement Instrumentation

The set-up should be equipped with two decoupled measurement systems, one for the actual
testing and one for monitoring and control purposes. This report deals only with monitoring
and control instrumentation, whose components – the instruments to measure working fluid
pressures, temperatures, and flow rates – equip the BoP. The preliminary configuration of
these instruments is shown in Fig. 4.2, while Table 4.1 gives a brief description of the
measurements to be performed at each station.

As a general consideration, the objective is to measure T and P of the fluid at all
component interfaces, particularly at the inlet/outlet of the heat exchangers. No particular
dynamic performance (i.e. high frequency response) is required. Considerations open for
discussion are:

• Regarding the availability of high temperature pressure transducers note that for
Tmax > 250 ◦C there are few manufacturers ( MPI and Holykell); if the temperature
is reduced to Tmax < 250 ◦C there are many more and also well known manufacturers
( Swagelok, Kulite, Honeywell, Wika and Esi-tec)

• For the measuring stations corresponding to inlet/outlet of the heat exchangers, the
sensors must be as close as possible to the heat exchangers themselves.

• The measuring stations must be easily reachable and sufficient room must exist to
perform basic operations around the sensors.

• The pressure measurements are known to be particularly difficult in the presence of
vapor in conditions close to saturation, since it is likely to have the formation of
condensate in the lines/pipes bringing the pressure information to the sensor, which
can severely alter the measurement. Several options exist to accurately perform these
measurements, i.e.,

– all the pressure sensors can be flush mounted. The main drawbacks are related
to the need of having high−T pressure transducers (expensive and inaccurate,
drifting in time).

– a purging system can be designed to inject a stream of inert gas in the transducers
lines with the aim of emptying them from the condensate. Such non condensible
gases can thus be extracted in the condenser. Heating up the lines is also an
option. This solutions, which has already been tested in-house, allows to utilize
more accurate (specially over time) and less expensive sensors, but obviously
complicates the system.

– an intermediate fluid (e.g., a thermal oil) can be used to route the pressure
signal from the high−T measurement station to the sensor. This is presently our
preferred choice, and the company Wika manufactures these measuring devices.

• It is desirable that the P measurements allow to determine the thermodynamic state
of the fluid or, in other words, that these are total quantities. A check is thus required
regarding the flow velocities that are reached in the different stations, to confirm that
the kinetic pressure is negligible. This might influence the determination of the piping
diameters.

• In our experience, calibrating the instruments by sending them to a calibration center
is a troublesome procedure, very expensive and time consuming, and it can negatively
affect the availability of the rest of the setup (e.g., if this is leak-tight before calibra-
tion, a long time is required before this condition is established again after remounting
the instruments). Furthermore, in case of high temperature P measurements, such
a calibration never resembles the real sensor operating conditions. It could therefore
make sense to provide each measuring station with an additional port (with a valve),

http://www.mpipressure.com/
http://holykell.com/index.php?lang=en
http://www.swagelok.com/products.aspx
http://www.kulite.com/
https://measurementsensors.honeywell.com/Pages/Category.aspx?cat=Honeywell&category=PRODUCTTYPES-PRESSURE
http://www.wika.nl/products_pe_en_co.WIKA
http://www.esi-tec.com/pressure/high-temperature/
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Table 4.1: Measurement stations description and instruments requirements, considering
MM as the working fluid and the nozzle experiment only (process data from Table 2.6).

Pos.∗ Measurement description & Instrument requirements Estimated Accuracy
S1 T and P in low speed vapor. PMM = 21.3 bar, TMM =

254 ◦C. Strong need of avoiding condensation-related
problems.

±0.1 bar. ±1 ◦C.

S4 T and P in low speed vapor. PMM = 2.1 bar, TMM =
219 ◦C. Mild need of avoiding condensation-related
problems.

±50 mbar. ±1 ◦C.

S45 T and P in low speed vapor. PMM = 1.1 bar, TMM =
218 ◦C. Mild need of avoiding condensation-related
problems.

±50 mbar. ±1 ◦C.

S5 T and P in low speed vapor. PMM = 1 bar, TMM =
122 ◦C. Strong need of avoiding condensation-related
problems.

±10 mbar. ±1 ◦C.

S6 T and P in low speed liquid. PMM = 1 bar, TMM =
100 ◦C.

±10 mbar. ±1 ◦C.

S7 T , P , and flow rate in low speed liquid. PMM =
21.4 bar, TMM = 102 ◦C, ṁMM = 125 l/min =
7500 l/h ≈ 5500 kg/h. Note that certain flow me-
ters (e.g., those based on Coriolis forces detection)
provides also accurate measurements for density

±25 mbar. 1 ◦C. ±70 kg/h.

S8 T and P in low speed liquid. PMM = 21.4 bar, TMM =
184 ◦C.

±25 mbar. ±1 ◦C.

S9 T and P in low speed air. Pair = 1.5 bar, Tair =
20 ◦C.

±25 mbar. ±1 ◦C.

S10 T , P and flow rate in low speed air. Pair = 1 bar,
Tair = 40 ◦C, ṁair = 125 kg/s.

±16 mbar. ±1 ◦C. ±3 kg/s.

S11 T in low speed HTF (e.g., thermal oil Therminol 66).
It is assumed that a flow rate measurement (needed)
is made available by the thermal oil heater assembly.
THTF = 380 ◦C

±1 ◦C.

S12 T in low speed HTF (e.g., thermal oil Therminol 66).
THTF = 380 ◦C

±1 ◦C.

∗ Position of the measuring station referring to the layout in Fig. 4.2

which can be used to calibrate the sensors on-line by subsequently connecting a ref-
erence instrument to each port while the setup is running in design conditions. This
can be defined as an in-situ calibration.
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