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A B S T R A C T   

This study investigates a numerical model of an oil-free twin screw compressor with an ammonia-water mixture 
as refrigerant and liquid injection. The compressor was identified as the main constraint to increase the heat sink 
temperature of absorption-compression heat pump systems past 120 ◦C. Liquid injection can reduce the super-
heating of the vapor during compression, while an existing liquid film can provide lubrication and sealing, 
enabling oil-free operation. A quasi-one-dimensional numerical model was developed using the Modelica lan-
guage. It considers the effects of liquid injection flows and injection positions, leakages, heat losses, and variation 
in ammonia mass fractions. The results revealed a strong influence of occurring internal leakages, varying 
ammonia mass fractions of the injected solution and changing injection flows and positions on the evolution of 
temperature, pressure, and compression power. The injection with a lower ammonia mass fraction is beneficial 
for reducing the discharge temperature, discharge pressure and compression power. The increase in injection 
flow led to a further reduction in the values obtained. Continuous wet compression, required for sufficient sealing 
and lubrication of the compressor, was achieved with injection at 360◦ at the beginning of the compression phase 
and an injection rate of about 10% of the compressor’s suction mass flow. By distributing the injection to two 
injection ports, wet compression can be supported and occurring under-compression and backflow can be 
reduced.   

1. Introduction 

Thermal processes in the industry are responsible for increasing 
energy consumption and the associated CO2 emissions [1]. It is therefore 
of great interest to improve the energy efficiency of heat supply systems 
to reduce the consumption of energy and resources [2]. At the same 
time, large amounts of low-grade waste heat are available for potential 
waste heat recovery in various industrial processes [3]. For example, the 
waste heat potential in the EU is estimated at approx. 300 TWh/year, of 
which one third is at the temperature level below 200 ◦C, often referred 
to as low-temperature waste heat [4]. The use of high temperature heat 
pumps with natural working fluids, such as ammonia and water, instead 
of conventional boilers is an effective measure to exploit available waste 
heat while reducing the consumption of energy and dependency of fossil 
fuels, as outlined by Bergamini et al. [5] in a thermodynamic system 

comparison. Ahrens et al. [6] supported this statement by presenting 
operational performance results of an integrated energy system of an 
existing dairy plant, using heat pumps entirely for all cooling and 
heating applications. Many authors such as Arpagaus et al. [7], Kos-
madakis [8], Marina et al. [9], and Jiang et al. [10] investigated and 
summarized the possibilities of using high temperature heat pumps and 
found great potential for the application in various industrial sectors for 
the supply of process heat with sink temperatures above 100 ◦C. 

One of the suitable heat pump solutions for various industrial high 
temperature applications is the absorption-compression heat pump 
(ACHP) system with the zeotropic ammonia-water mixture as working 
fluid. The ACHP system combines the advantages of achievable sink 
temperatures up to 120 ◦C with large temperature lifts (>60 K) and non- 
isothermal heat transfers (>30 K) [11]. To increase the system efficiency 
and further extend the range of applications by achieving higher sink 
outlet temperatures and associated pressure levels, the compressor was 
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identified as the main constraint due to limitations in the manageable 
compressor discharge temperature [12]. During his investigations, 
Zaytsev [13] identified the use of liquid-injected screw compressors (in 
operation as wet compression) as a potential solution to the problem of 
occurring superheat during the compression of ammonia vapor. 

The general objectives of liquid injection during the compression 
process in a screw compressor include the reduction of occurring leak-
ages along with the reduction of superheating, resulting in improved 
efficiency of the compressor [14]. Furthermore, this can lead to an oil- 
free operation of the ACHP system, promising further benefits 
including lower installation costs due to fewer components (oil sepa-
rator and cooler) and higher efficiencies due to improved heat transfer 
and reduced heat losses without the use of oil. Given the elimination of 
oil stability issues in oil-free operation, an increased compressor 
discharge temperature can be accepted and exploited to potentially in-
crease the achievable heat sink temperatures, as outlined by Infante 
Ferreira et al. [15]. Zaytsev et al. [16] stated that providing the 
compressor with sufficient liquid injection for lubrication and sealing is 
essential to increase the compressor’s efficiencies and maintain the 
thermal limits of the compressor’s material by providing cooling. 

The process of liquid injection in twin screw compressors was 
investigated by several authors, both theoretical and experimental, for 
different refrigerants and working conditions. For the theoretical 
investigation, a variety of models with mostly numerical approaches 
were developed using different methods [17]. As reviewed by Wang 
et al. [18], these range from quasi-one-dimensional models to more 
complex computational fluid dynamics (CFD) models with varying de-
grees of complexity by incorporating different assumptions (homoge-
nous or heterogenous model, losses considered, etc.) and phenomena 
occurring (heat and mass transfer). Stosic et al. [19] investigated the 
influence of oil injection and analysed widely the effects of various pa-
rameters such as oil flow rate, inlet temperature, droplet atomization, oil 
injection port position and compressor speed on the performance of a 
twin screw compressor. The authors concluded that the parameters have 
varying influences on the performance and an optimal oil injection 
quantity can be found. In another study of oil-free compressors, Stosic 
et al. [20] demonstrated that injecting small amounts of water to control 
the rotor temperature was sufficient to operate single-stage compressors 
at higher pressure ratios with only minor modifications required. Yang 
et al. [21] conducted an experimental investigation of a water-injected 

process-gas screw compressor and found that the liquid injection 
could reduce the compressor discharge temperature significantly while 
increasing the capacity. The authors further stated that an optimal mass 
flow of injected water exists to effectively lower the discharge temper-
ature while sealing the gap between the female and male rotors. Tian 
et al. [22] investigated a water-injected twin-screw compressor for 
water vapor compression and demonstrated that the injection rate must 
be adjusted to the respective rotor speed and operating point. The aim is 
to achieve saturated discharge temperature and to avoid flooding with 
too much liquid water, as this results in the highest efficiencies. 
Furthermore, a uniform and fine atomization by using nozzles is ad-
vantageous, while the injection temperature revealed only little effect 
on the cooling effect. Basha et al. [23] numerically investigated the 
implementation of the oil injection for a twin screw compressor. They 
found that the distribution of the injection over multiple injection ports 
for the same total liquid quantity revealed a positive influence on the 
compression process and the parameter achieved. These findings were 
confirmed by Tian et al. [24] in an additional numerical investigation on 
mass and heat transfer in an ammonia oil-free twin-screw compressor 
with liquid injection. The obtained results indicated that the average 
droplet diameter of the injected liquid should be less than 100 µm to 
ensure a sufficient cooling effect and improve the performance of the 
compressor. Furthermore, an optimization method for the positioning of 
the injection nozzle and the amount of injected liquid was proposed. 
Based on their results, the authors recommended adding a second in-
jection nozzle. This should be placed after the starting point of the 
compression process, where the temperature gradient is greatest, and 
should receive about 70 % of the total injected amount. Patel and 
Lakhera [25] conducted a comprehensive review of experimental 
studies related to twin screw compressors. They concluded that for oil- 
free operation the understanding of improved thermal management 
through the usage of liquid injection along with self-lubricated bearings 
must be further explored. 

The conducted literature review revealed that many investigations 
were performed on liquid injection in twin screw compressors using 
pure refrigerants and oil injection. It was stated that liquid injection had 
an overall positive influence on the achievable efficiency and the 
reduction of superheating. Thereby, it is important to maintain a high 
vapor quality of the compressed fluid while avoiding the flooding of the 
compressor with too much liquid. This results in an optimization 

Nomenclature 

Abbreviations 
ACHP Absorption compression heat pump 
CFD Computational fluid dynamics 
CV Control volume 
IHX Internal heat exchanger 

Roman Letters 
A Flow area [m2] 
f Operational frequency [Hz] 
h Specific enthalpy [J/kg] 
ṁ Mass flow rate [kg/s] 
p Pressure [bar] 
Q̇ Heat transfer rate [W] 
T Temperature [◦C] 
u Specific internal energy [J/kg] 
V Volume [m3] 
W Work [J] 
Ẇ Power [W] 
x Ammonia mass fraction [-] 

Greek symbols 
α Heat transfer coefficient [W/m2K] 
θ Rotational angle of male rotor [rad] 
νi Built-in volume ratio [-] 
ρ Density [kg/m3] 
ω Angular velocity [rad/s] 

Subscripts 
body Compressor body 
comp Compression 
dis Discharge 
disp Displacement 
eff Effective flow area 
in Inlet 
inj Injection 
j Index 
leak Leakage 
lean Lean solution 
max Maximum 
out Outlet 
rich Rich solution 
suc Suction  
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problem for the liquid injection flow. For the implementation of the 
injection, both the positioning of the injection port in the compression 
cycle and the distribution over a single port or multiple port injection 
revealed impact on the compression process. Furthermore, improved 
cooling effects were obtained with smaller droplet diameters, which can 
be provided by using nozzles and other devices. 

Recent studies on the oil-free operation of the screw compressor and 
the use of ammonia-water mixture are limited to the conducted studies 
on wet compression with liquid injection in the suction and compression 
phases investigated by Gudjonsdottir et al. [26] and Gudjonsdottir and 
Infante Ferreira [27]. However, the system setup used, as well as the 
operating conditions investigated, deviate from the envisaged objectives 
of this study. Thus, a research gap exists for the planned integration of an 
oil-free twin screw compressor with liquid injection into the ACHP 
system at high temperature operation. For this, the effects on the 
compression process of different injected liquid rates, injection positions 
and injection distributions for changing ammonia mass fractions of the 
ammonia-water mixture must be investigated. 

To address the identified research questions, this study introduces 
and investigates the quasi-one-dimensional model of an oil-free liquid- 
injected twin screw compressor for use in the ACHP system at high 
temperature operation. The purpose is to improve the understanding of 
the thermodynamic behaviour and expected results during the 
compression process with varying liquid injection parameters. Further-
more, the obtained results provide information for the preferred design 
of the liquid injection when integrated into ACHP systems and support 
the planning of necessary experimental investigations. 

2. Background 

In this section, the theoretical background for the conducted 
research is presented. First, the ACHP system using ammonia-water 
mixture as working fluid is described, with a special focus on the 
compressor to be investigated and the discussion of possibilities for 
implementing liquid injection. The subsequent thermodynamic analysis 
provides the basis for the development of the simulation model and the 
evaluation and assessment of the achieved results. 

2.1. The absorption-compression heat pump system 

A schematic illustration of the ACHP system, often referred to as 
Osenbrück cycle in recognition of its inventor Osenbrück (1895) [28], is 
presented in Fig. 1. For the focus of this study, two possible options for 
the desired implementation of liquid injection in the screw compressor 
under investigation were identified: injection of lean solution (Option 1) 
and injection of rich solution (Option 2). 

In the ACHP, the desorber and absorber transfer heat with the heat 
source and sink. The ammonia-rich solution enters the desorber at low 
pressure (10). As the temperature increases, the solubility of the 
ammonia in water decreases, causing ammonia vapor to expel. As a 
result, a two-phase mixture leaving the desorber towards the liquid-
–vapor separator (1). The low-pressure vapor and lean solution are 
separated in the liquid–vapor separator before being directed to the 
compressor (2) and solution pump (4). The compressor increases the 
pressure and temperature of the vapor (2 to 3), while the pump elevates 
the pressure of the lean solution correspondingly (4 to 5). To improve 
the cycle performance, an internal heat exchanger (IHX) is installed to 
interconnect the solution streams. Heat is exchanged between the lean 
and rich solution, resulting in a temperature increase of the lean solution 
(5 to 6) and a decrease of the rich solution (8 to 9). At the high-pressure 
side, the lean solution (6) is then mixed with the superheated NH3 vapor 
from the compressor (3) at the inlet of the absorber (7). In the absorber, 
vapor is absorbed by the liquid and the generated heat is transferred to 
the heat sink fluid. During the absorption process, the NH3 mass fraction 
in the solution phase gradually increases and a saturated solution 
emerges at the outlet of the absorber. The ammonia-rich solution then 
flows through the IHX before being throttled down to desorber’s pres-
sure (8 to 9 to 10) and thus completing the cycle. 

2.2. Possibilities for liquid injection 

For the study of compression with liquid injection, the effects with 
varying NH3 mass fraction of the injected solution (xinj), injected mass 

flow rate 
(

ṁinj

)

and position of injection (θinj) are investigated. With 

respect to the structure of the ACHP system (see Fig. 1), two possible 
options for the arrangement of the injection line are highlighted. Option 

Fig. 1. Schematic illustration of ACHP system including possible liquid injection options.  
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1 - Injection of the lean solution: extraction of the lean solution 
(xlean 0.3 − 0.5) downstream of the solution pump, where the solution is 
significantly subcooled due to the previous pressure rise from the satu-
rated state. Option 2 - Injection of the rich solution: extraction of the rich 
solution (xrich 0.6 − 0.8) downstream of the IHX and upstream of the 
expansion valve. In this case, the solution remains at high pressure and 
was subcooled by the lean solution. Thus, the solution for injection will 
be present in highly subcooled liquid state for both options. Depending 
on the position of the injection, subcooled solution will be injected into 
increasingly superheated vapor with the start of the compression phase. 
In this case, the solution is not in a state of equilibrium in terms of 
pressure and temperature. The equilibrium state of the solution pa-
rameters is strongly influenced by the injection flow rate and possibility 
of injection at multiple positions between suction, compression, and 
discharge phases, along with internal flows due to leakage. Furthermore, 
the thermodynamic properties of the solution and vapor phases change 
as a function of temperature, pressure, and NH3 mass fraction. It is 
therefore important to further describe and analyse the expected ther-
modynamic behaviour of the NH3-H2O mixture during occurring 
parameter changes. 

2.3. Thermodynamic analysis 

The NH3-H2O mixture used in the ACHP system is a zeotropic 
mixture consisting of two solution components with different boiling 
points [29]. Fig. 2 shows the temperature-NH3 mass fraction (T − x) di-
agram with bubble point and dew point lines at different pressure levels. 

The indicated example is valid for liquid–vapor equilibrium condi-
tions and illustrates the thermodynamic behaviour of the NH3-H2O 
mixture at a constant NH3 mass fraction x1 of 0.5 and pressure p1 of 5 bar 
during the temperature change from subcooled solution state (0) to 
superheated vapor state (4). The injected solution (lean or rich) is in the 
subcooled state (0). The temperature of the solution is gradually 
increased due to the contact with the superheated vapor in compressor. 
At the boiling point (1′ ) the saturated vapor of NH3 and H2O is formed 
(1′′). The further increasing of the solution’s temperature (2) results in 
desorption of NH3 and the NH3 mass fraction in the liquid phase drops 
(1′

− 3′ ), while vapor fraction of NH3 is increasing (1′′ − 3′′). In the su-
perheated state (4) is the solution fully evaporated. Rising the pressure 
(p1 to p3) leads to increasing temperatures of the bubble point and dew 
point lines. Thus, the degree of subcooling of the solution at a higher 
pressure is increasing. It should be noted that the equilibrium state of the 

solution is not defined by pressure and temperature only. The significant 
amount of NH3 in the superheated vapor shifts the equilibrium state of 
the NH3-H2O vapor mixture. Thus, the evaporation of saturated solution 
will continue to compensate for the low partial pressure of H2O vapor in 
the gas mixture [24]. Due to this, in the case of low mass flow rates of the 
injected solution, the full evaporation will occur irrespectively on the 
temperature and pressure. When used in ACHP systems, however, 
remaining liquid and wet compression are essential for sufficient sealing 
and lubrication of the compressor. 

3. MODELICA twin screw compressor model 

The developed model of the oil-free liquid-injected twin screw 
compressor is a quasi-one-dimensional numerical model with multiple 
control volumes (CV), each representing the volume of one rotor cavity, 
and follows the concepts presented by Chamoun et al. [30] and Tian 
et al. [22]. The model was written in the object-oriented Modelica lan-
guage [Modelica Association] and was implemented and solved in the 
Dymola 2020 simulation environment using the ESDIRK23A standard 
solver by Dassault Systèmes [31]. Two commercial Modelica libraries 
were used for the implementation, namely TIL-Suite 3.5 and TILMedia 
3.5 provided by TLK-Thermo GmbH [32,33]. TIL-Suite is a component 
library for steady-state and transient simulation of thermodynamic 
systems, while TILMedia provides methods and data for calculating the 
properties of thermophysical substances. The model considers the ef-
fects of liquid injection, leakage flows, and heat losses and is designed to 
investigate various arrangements of liquid injection and operating 
conditions. 

3.1. Description of the control volume 

The change in the boundaries (volume) of each CV occurs with time, 
often expressed as rotational angle of the male rotor. Thereby, the total 
rotation time/angle that one cavity undergoes during a complete 
compression cycle depends on the length and pitch of the rotors. This is 
applied from the beginning of the suction phase to the end of the 
discharge phase. When a CV enters the suction phase its volume in-
creases, while it decreases during the compression and discharge phases. 
The underlying volume alteration throughout an entire compression 
cycle is defined by the compressor’s geometry. This is identical for all 
CVs but contains a time delay between individual CV. Thus, the leading 
cavity (e.g., CVj) can simultaneously undergo a volume reduction, while 
the trailing cavity (CVj-1) still undergoes a volume increase. Each CV is 
an open system with three inlet paths (suction, leak-in and liquid in-
jection) and two outlet paths (discharge and leak-out). Additionally, the 
system receives compression power from the rotor (Ẇcomp) and dissi-
pates heat to the compressor body and ambient (Q̇loss). As a result, 
pressure, temperature, mass, internal energy and NH3 mass fraction 
differ in each CV at any point in time. Fig. 3 illustrates the simplified 
mass and energy balance associated with each CV. 

3.2. Basic equations for the control volume 

Based on a set of differential equations for the conservation of mass 
and energy, the model simulates the processes (heat and mass flow) of 
the twin screw compressor in each CV at any time. Since there are 
leakage flows and the cavities are periodically connected to suction, 
injection and discharge, the CV is treated as an open system which can 
be described by the first law of thermodynamics [35]. Neglecting kinetic 
energy and gravitational energy, and expressing the equations based on 
rotational angle of the male rotor (θ), the mass and energy balances can 
be expressed as [36,37]: 

d(m)

dθ
=

∑ dmin

dθ
−

∑ dmout

dθ
(1) Fig. 2. Temperature-NH3 mass fraction (T-x) diagram with bubble point and 

dew point lines for NH3-H2O mixture at different pressure levels. 
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d(mx)
dθ

=
∑ dmin

dθ
xin −

∑ dmout

dθ
xout (2)  

d(mu)
dθ

=
∑ dmin

dθ
hin −

∑ dmout

dθ
hout +

dWcomp

dθ
−

dQloss

dθ
(3) 

where m is mass, x is NH3 mass fraction, u is specific internal energy, 
h is specific enthalpy, W is compression work and Q is heat between the 
working fluid and compressor body. As the working fluid is a mixture, 
Eq. (2) is required in addition to Eq. (1) to determine the composition of 
the mixture. At an angular velocity of ω = dθ/dt, the equations can be 
formulated as [30]: 

ω d(m)

dθ
=

∑
ṁin −

∑
ṁout (4)  

ω d(mx)
dθ

=
∑

ṁinxin −
∑

ṁoutxout (5)  

ω d(mu)
dθ

=
∑

ṁinhin −
∑

ṁouthout + Ẇcomp − Q̇loss (6) 

With the compression power expressed as: 

Ẇcomp = − ωp
dV
dθ

= − p
dV
dt

(7) 

where p is pressure in the CV and dV/dt is the time derivative of the 
cavity volume. For this investigation, a mechanical efficiency of 100 % is 
assumed and friction losses as a function of the compression power and 
rotation speed are neglected. The temperature of the working fluid is 
substantially higher than the temperature of the ambient air surround-
ing the compressor. Therefore, heat losses to the compressor body and 
the ambient should be assessed. The heat transfer rate from the working 
fluid to the compressor body is determined as [38]: 

Q̇loss = αV2/3( T − Tbody
)

(8) 

Where α is the heat transfer coefficient between working fluid and 
compressor body, V2/3 denotes the available heat transfer area of the 
cavity volume, T is the temperature of the working fluid, and Tbody is the 
average surface temperature of the compressor body. Determining the 
temperature of the compressor body is not trivial and is generally 
influenced by the heat transferred by the working fluid and additional 
factors such as mechanical heat losses. The temperature of the working 

fluid and the influence of other factors vary greatly along the length of 
the compressor during the compression process. However, the thermal 
conductivity of the compressor body made of steel is relatively high, and 
uniform temperature distribution can be simplified assumed. 

3.3. Determination of thermodynamic state properties 

By solving the mass and energy equations, the pressure, specific in-
ternal energy, and NH3 mass fraction of the NH3-H2O mixture are 
determined for each CV throughout the entire compression cycle 
continuously. With the assumption of liquid vapor equilibrium condi-
tions, the thermodynamic state properties of the NH3-H2O mixture in 
each CV were determined using the calculation procedures provided by 
the TILMedia library [33]. Here, pressure, specific enthalpy and NH3 
mass fraction are used as input parameters. By using the specific internal 
energy calculated from Eq. (6), the specific enthalpy in the CV can be 
obtained: 

h = u+
p
ρ (9) 

where ρ is the density of the working fluid. The density is obtained 
from the TILMedia property calculation procedure [33] and with m =

ρV also utilized when calculating the total mass in the CV. 

3.4. Determination of flow rates 

As illustrated in Fig. 3, there are different paths through which the 
working fluid can flow throughout an entire compression cycle. The 
mass flow rates for the suction, discharge and leakage paths are deter-
mined using [39]: 

ṁ = Aeff •
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2 • ρ • Δp

√
(10) 

where Aeff is the effective flow area of the flow path in m2, ρ is the 
density of the working fluid upstream of the flow, and Δp is the pressure 
difference across the flow area. When calculating suction mass flow 
rates, for instance, Aeff represents the effective flow area of the suction 
port, ρ the density of the working fluid in the suction line, and Δp the 
pressure difference between the suction line and the connected CV. 
Thereby, Aeff varies with time as the CV goes through the suction phase, 
while it is set to zero during the compression and discharge phases. The 
same applies adjusted for the discharge path and phase. The 

Fig. 3. Simplified mass and energy balance associated with each control volume (). 
adapted from [34] 
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characteristics of the Aeff curves are dependent on the set built-in vol-
ume ratio (Vi) and are defined by the geometry of the respective ports 
and the rotor profile [40]. Contrary to the other paths, the injection mass 
flow rate is defined as a fixed value. The injection starts when a CV 
reaches the injection port location (θinj). It remains active until the 
trailing cavity reaches the injection port location, determined by the 
existing phase shift between the CVs. 

Occurring leakage flows within the compressor are considered by 
linking adjacent CVs. The leakage path represents the gap between the 
rotor tips and the compressor housing, as it is one of the paths with the 
greatest impact on compressor performance [41]. Here, Aeff depends on 
the length of the sealing line, and it is assumed to be directly propor-
tional to the cavity volume. Furthermore, it is assumed that the length of 
the sealing line between two adjacent CVs is determined by the smallest 
cavity volume at each point in time. Thus, the effective leakage area is 
calculated using the leakage area function as follows: 

Aeff,leak = Cleak • min
(
VCVj− 1 ,VCVj

)
(11) 

where Cleak represents the leakage flow coefficient, an estimated 
constant ranging from 0 to 1 [m− 1]. VCVj− 1 and VCVj represent the 
adjacent trailing and leading cavity volumes behind and in front of the 
sealing line. 

3.5. Model parameter 

To perform the simulations in this investigation, the model input 
parameters listed in Table 1 were used to define the screw compressor 
model. 

The compressor model is divided into eight control volumes, 
resulting in a phase shift of 90◦ between each CV. It is assumed that for 
each CV the total rotation angle during a compression cycle (θcycle) is 
720◦. Under the assumption that the male rotor spins at an operational 
frequency (f) of 50 Hz, it takes 40 ms to complete one entire cycle. The 
displacement volume (Vdisp) is set to 335 cm3 with a νi =

(
Vdisp/Vdis

)
of 

3.65. The maximum effective flow areas are set at 50 cm2 for the suction 
path (Asuc) and 10 cm2 for the discharge path (Adis). Fig. 4 shows the 
volume evolutions for two adjacent CVs with 90◦ phase shift and the 
resulting effective flow area Aeff,leak of the leakage path through the gap 
between rotor tips and compressor housing using Eq. (11) with a Cleak 

value of 0.05 m− 1. 
The evolution of the effective flow area Aeff depends on the smallest 

volume of the adjacent CVs. While one of the CVs remains in the 
compression phase (from Vdisp to Vdis) starting from state (1) and ending 
at state (2), an effective flow area exists, and leakage flow occurs. If both 
CVs are in the suction phase (from 0 to Vdisp) or discharge phase (from 
Vdis to 0), the respective path openings represent a much larger area, and 
the leakage area is set to zero. The same applies when the leading CV 
(CVj) enters the suction phase, since the CVs are on opposite sides of the 
compressor and there is no leakage connection between them. 

3.6. Simulation setup 

The developed screw compressor model can be used as a stand-alone 
model or integrated into a larger system model. For this study, the model 
was used as stand-alone and connected with boundaries defining the 
conditions for suction, injection, and discharge ports. Each boundary is 
defined by three parameters: pressure, temperature and NH3 mass 
fraction. Fig. 5 illustrates the simulation setup with the defined 
boundary conditions for the suction, injection, and discharge ports. 

The defined boundary conditions are based on the expected oper-
ating conditions for the screw compressor in the ACHP system (see 
Section 2). The desorber and absorber pressures are assumed to be 5 bar 
and 25 bar, respectively, corresponding to the suction (psuc) and 
discharge (pdis) pressure of the compressor model. The NH3 mass frac-
tion of the rich solution is set to 0.7 with a temperature of 55 ◦C in the 
liquid–vapor separator. In liquid–vapor equilibrium, this results in the 
NH3 mass fraction of 0.985 in the vapor phase (xsuc). The injection 
boundary pressure, pinj, is set to the high-pressure side of 25 bar and the 
injection temperature, Tinj, to 55 ◦C. During injection, an adjustment 
with the prevailing pressure in the CV takes place. Thus, the injection 
pressure at the respective injection port is adjusted depending on the 
positioning. The NH3 mass fraction of the injected liquid, xinj, is defined 
as variable (var.) since simulations with varying values are to be per-
formed. The values for Tdis and xdis of the discharge boundary are the 
result of the compression in the compressor model. In addition to the 
model input parameters given in Table 1, values for Cleak, the injection 
angle (θinj) and the injection mass flow rate (ṁinj) were defined and 
varied to perform the simulations. 

3.7. Model validation 

The purpose of the present study is to improve and discuss the un-
derstanding of the thermodynamic behaviour of an oil-free twin-screw 
compressor with NH3-H2O mixture as refrigerant and liquid injection 
during the compression process. Achievable efficiencies and other per-
formance parameters are influenced by occurring leakages, mechanical 
losses, and heat losses, and other component and/or operation specific 
parameters. These are difficult to predict without detailed data on the 
geometry and operational performance and require experimental in-
vestigations. Since this study is a preliminary theoretical investigation 
without an existing prototype and detailed experimental data for vali-
dation, a component-based validation is performed to verify the reli-
ability of the achievable results. 

For this, the component models used in the developed model are 
checked and validated with respect to their physical and thermodynamic 
properties and reliability. The TILMedia 3.5 library [33] provides the 
determined thermo-physical properties of the investigated NH3-H2O 
mixture for each time point. The operating parameters are within the 
valid working range and can therefore be assumed to be sufficiently 
accurate. Further, TIL-Suite 3.5 [33] model components such as ports 
were utilized, which are commonly used and provide reliable results. 
Smitt et al. [42] used these libraries for a variety of components to study 
integrated energy systems and obtained less than 10 % deviation from 

Table 1 
Model input parameter used.  

Parameter # of CV θcycle f Vdisp νi Asuc Adis 

Value 8 720◦ 50 Hz 335 cm3 3.65 50 cm2 10 cm2  

Fig. 4. Evolution of cavity volumes of two adjacent CVs and resulting effective 
flow area of the implemented leakage path through the gap between rotor tips 
and compressor housing. 
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the experimentally determined readings. Chamoun et al. [30] used a 
Modelica-based model for the comprehensive analysis of an experi-
mentally tested twin screw compressor. Although no explicit validation 
of the model results was performed, it can be assumed that the deviation 
of the simulation results was within an acceptable range. 

Occurring flow rates are implemented using Eq. (10), which is widely 
used for investigations of this phenomena in screw compressors [38,39]. 
Required area functions for inlet and outlet ports in this study are 
defined following the extensive investigation by Zaytsev [13]. The same 
applies to the implemented leakage flows, which are calculated using 
Eq. (11). The curves of the cavity volume and the resulting effective flow 
area are shown in Fig. 4 and are comparable to the results presented by 
Zaytsev [13]. For the implemented control volume, homogeneous 
pressure and liquid–vapor distribution are assumed, and mechanical 
losses are neglected. With these assumptions, the compression process in 
the CV can be compared with isentropic compression and for a case 
without leakage and liquid injection compared with adiabatic 
compression. In this context, the obtained results are presented and 
discussed in the next section. 

4. Results and discussion 

The aim of this study was to investigate the effects of different pa-
rameters on the compressor’s discharge temperature and pressure, and 
compression power throughout the compression process. The discharge 
temperature of the compressor was identified as the main constraint for 
the ACHP system in achieving higher heat sink temperatures and system 
efficiency. For this, the examined results focus on one control volume 
passing through an entire compression cycle. 

4.1. Leakage flow coefficient 

Internal leakage influences the performance of screw compressors 
[13,41]. It is therefore essential to apply an appropriate value for the 
leakage flow coefficient, Cleak, in the model. Simulations were performed 
with varying Cleak values ranging from 0 m− 1 to 0.1 m− 1 without liquid 
injection (ṁinj set to 0). Fig. 6 presents the resulting pressure evolution 
throughout a whole compression cycle of a CV in a pressure–volume 
diagram. 

The pressure curves indicate that increasing Cleak values accelerate 
the pressure evolution, as reflected by higher pressures at a respective 
volume. Moreover, it results in higher degree of over-compression at the 
end of the compression phase when reaching the discharge port and 
increases the required compression power. With further increasing of 
leakage (Cleak > 0.1 m− 1), over-compression is decreasing and even 

under-compression can be observed, due to excessive backflow of 
working fluid at a fixed built-in volume ratio (not shown at Fig. 6). At 
the same time, high leakage increases the discharge temperatures, as 
heated vapor flows back from volume cavities at higher pressure levels 
towards the suction port and is partly re-compressed. The maximum 
temperature reached 243 ◦C at Cleak of 0.1 m− 1, and it was 40 K higher 
when compared with the ideal case without leakage. The pressure curve 
without leakage (Cleak = 0.0 m− 1) and with no liquid injection can be 
used as a reference for adiabatic compression since other losses are 
neglected. The plotted curve patterns are qualitatively comparable with 
other literature results [15]. 

During the suction phase, leaking vapor occupies a fraction of the 
available suction volume, thus decreasing the volumetric efficiency 
occurs. With a Cleak value of 0.1 m− 1, the reduction in volumetric effi-
ciency was calculated at 13 %. Fleming and Tang (1995) [41] stated that 
the implemented leakage path between the rotor tips and the 
compressor housing contributes to a 2 % to 3 % reduction in volumetric 
efficiency compared to a scenario without leakage. An equivalent result 
can be obtained with a value of Cleak between 0.025 m− 1 and 0.035 m− 1. 
However, to compensate for the additional reductions in volumetric 
efficiency caused by leakage paths other than those considered in the 
model, a Cleak value of 0.05 m− 1 was used for the further investigation of 
liquid injection. This leads to a reduction in volumetric efficiency of 
about 5 % compared to the ideal case without leakage. 

Fig. 5. Simulation setup of the screw compressor model with defined boundary conditions.  

Fig. 6. Pressure-volume diagram for different Cleak values without liquid in-
jection (ṁinj = 0 kg/s). 
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4.2. Heat losses to compressor body and ambient 

The temperature of the working fluid in the CV rises significantly 
during the compression process, similar to the increase in pressure (see 
Fig. 6). Thus, there is a very large temperature difference between the 
working fluid and the ambient at the end of the compression phase, 
implying that large heat losses can occur. On the other hand, the volume 
of the compression cavity, and thus the available transfer area, decreases 
continuously towards the end of compression. These opposing trends 
lead to uncertainties on whether the heat losses to the compressor body 
and ambient have a significant impact on the compression parameters. It 
is often argued in the literature that the heat loss to the casing and the 
environment can be neglected because the heat transfer coefficient be-
tween the steam and the compressor casing is small [20]. Tian et al. 
[22], in their investigation of water-injected screw compressors, further 
specified that the cooling effect of the injected liquid has greater influ-
ence and heat losses to the ambient are neglected. 

To evaluate the effects of heat losses to the compressor body and 
ambient, an investigation was performed for a case without liquid in-
jection (ṁinj set to 0) and a Cleak value of 0.05 m− 1, assuming a uniform 
Tbody value of 80 ◦C and a varying α value from 0 up to an unlikely high 
value of 5000 W/m2K. The achieved results revealed that the influence 
of heat losses is minimal, even with an unreasonably high value for α, 
such as 5000 W/m2K. The working fluid is slightly heated during the 

suction phase, and there is a slight cooling effect on the last section 
during discharge, but apart from this the temperature curves are almost 
identical. The same results are obtained for pressure and compression 
work. Change rates are below ± 1.0 % for the observed maximum 
values. Furthermore, as described by Stosic et al. [20], the temperature 
profile in an actual screw compressor is not uniform during operation 
and the temperature of the compressor body is higher on the discharge 
end compared to the suction end. Thus, it can be argued that the tem-
perature differences between the working fluid and the compressor body 
will be smaller, and less heat will be transferred than in the simulation 
when using an average body temperature. This strongly suggests that 
heat losses to the compressor body can be neglected in this study. 
Therefore, the α value is set to zero for the following simulations and 
heat losses are not considered. 

4.3. NH3 mass fraction of the injection liquid 

The NH3 mass fractions of the various streams in ACHP systems 
change depending on the design and operating conditions. To investi-
gate the effects on the compression process, the NH3 mass fraction of the 
injection liquid was varied from pure water (xinj = 0) to pure ammonia 
(xinj = 1) at a constant injection angle of 360◦ (beginning at the start of 
the compression phase and active for a rotational angle of 90◦) and in-
jection mass flow rate of 0.01 kg/s, corresponding to about 5 % of the 

Fig. 7. (a) Temperature and (b) vapor quality evolution for different xinj values at constant Cleak = 0.05 m− 1, θinj = 360◦ and ṁinj = 0.01 kg/s.  
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compressor’s suction mass flow rate. Fig. 7 illustrates the temperature 
and vapor quality evolution for different ammonia-water solutions. 

The lowest discharge temperature was obtained when the injection 
liquid was pure water (xinj = 0), while the highest discharge tempera-
ture was obtained for pure ammonia (xinj = 1), Fig. 7a. Characteristics of 
the different curves were very similar, with a relatively low temperature 
rise during the first part of the compression phase. At a certain point, the 
gradient of the respective curve changes, and the temperature rises more 
sharply when the liquid fraction is fully evaporated. This inflection point 
occurred earlier for higher NH3 mass fraction of the injection liquid, and 
it resulted in higher discharge temperature as well. This can be 
explained by increased evaporation of liquid and differences in heat 
capacity and saturation temperature for different NH3 mass fractions of 
the ammonia-water mixture (see Fig. 2). Once the liquid injection stops 
and all remaining liquid is evaporated, the temperature increases 
sharply. 

The plotted evolution of the vapor quality, Fig. 7b, helps to under-
stand the temperature profile alteration shown on Fig. 7a. Except for 
pure ammonia, the vapor quality drops into the two-phase region when 
liquid is injected into the CV, but it immediately rises again after the 
injection stops and the volume is further compressed. The wet 
compression occurs in all such cases. The length of the wet compression 
strongly depends on the NH3 mass fraction in the injected solution: the 
longest wet compression was observed for pure water and none for pure 
ammonia. The NH3 mass fraction in the CV varies from 0.985 at suction 
and ranges between 0.941 and 0.987 at the discharge for pure water and 
ammonia, respectively. The extremums for temperature and pressure, 
and compression power are given in Table 2. 

The highest temperature, pressure and compression power were 
observed when injecting pure ammonia. The high temperature is 
beneficial for oil-free high temperature heat pumps; however, it can be 
limited by the material properties of the compressor. At the same time, 
for the investigated case, where the pressure in absorber was set to 25 
bar, the injection of pure ammonia resulted in the highest degree of 
over-compression, when compared with pure water. Due to this, an 
increased compression power was observed. 

4.4. Injection mass flow rate 

Previous results have indicated that remaining liquid in the CV 
(vapor quality less than 1) during the compression process influences the 
discharge temperature, degree of over-compression and compressor 
power. Therefore, it is expected that besides the NH3 mass fraction, the 
injected mass flow rate has a significant influence on the compression 
process. In the further investigation, the NH3 mass fraction of the in-
jection fluid is set to 0.4 and 0.7, respectively, which are feasible values 
for the lean and rich solution in the ACHP system. The injection mass 
flow rate varied from 0.00 kg/s to 0.02 kg/s at a constant Cleak value of 
0.05 m− 1 and injection angle of 360◦. This corresponded to a range 
between 0 % and 10 % of the compressor’s suction mass flow rate. Fig. 8 
shows the temperature evolution for different liquid injection mass flow 
rates with NH3 mass fraction of 0.4. 

The results indicate a significant influence of the injection mass flow 
rate on the temperature evolution and maximum discharge temperature. 
The discharge temperature is the highest with zero injection and de-
creases with higher injection mass flow rates. The inflection point of 
temperature evolution was observed when the liquid fraction was fully 

evaporated. This trend was similar with the findings from Fig. 7a. With 
higher injection rates, the inflection point shifts towards the end of the 
compression phase. At an injection mass flow rate of 0.02 kg/s, wet 
compression occurs during the entire compression phase. With increased 
NH3 mass fraction of 0.7, complete wet compression occurs first at a 
value between 0.02 kg/s and 0.025 kg/s. The extremums for tempera-
ture and pressure, and compressor power for different injection mass 
flow rates with NH3 mass fractions of 0.4 and 0.7 are given in Table 3. 

The discharge temperature was influenced by the injected mass flow 
rates and solution mass fraction. The lowest discharge temperature was 
observed for injected mass flow rates of 0.02 kg/s and lean solution with 
NH3 mass fraction of 0.4. The injection of rich solution (xinj = 0.7) 
shows the same trend as lean solution, but discharge temperature, 
pressure and compression power were higher. The discharge NH3 mass 
fractions in the CV range from 0.985 to 0.937 and to 0.962 for injection 
mass flow rates from 0.0 kg/s to 0.02 kg/s with NH3 mass fractions of 0.4 
and 0.7, respectively. The increasing of the injected mass flows leads to 
under-compression within the CV when reaching the discharge port at a 
rotational angle of 605◦. As shown in Fig. 9, this can result in backflow 
from the discharge port into the CV, generating pressure and flow 
pulsation. 

Pressure and flow pulsation result in additional mechanical stress on 
the compressor and noise generation. To avoid over- or under- 
compression, an injection mass flow rate of approx. 0.01 kg/s for an 
NH3 mass fraction of 0.4 is recommended. Here, only the leakage flow 
into the trailing CV was compensated, but no excessive backflow into the 
CV was generated. With an NH3 mass fraction of 0.7, the recommended 
rate is between 0.01 kg/s and 0.015 kg/s. For application in the ACHP 
system, an optimization problem arises that must be solved depending 
on the specific operating conditions, considering all system parameters. 

4.5. Positioning of injection ports 

The influence of the position of the injection port was investigated. 
The injection angle (θinj) was set up at 360◦, 405◦, 450◦, 495◦ and 540◦. 
The injection mass flow rate was set to 0.01 kg/s with NH3 mass frac-
tions of 0.4 and 0.7. Fig. 10 shows the example of temperature evolution 
in relation to the injection angle. 

The increasing of the injection angle resulted in the increasing of the 
discharge temperature, discharge pressure and required compression 
power. That was true for both lean and rich solutions. The injection is 
characterised by the change of slope of the temperature increasing. The 
model indicated that wet compression occurs when the solution is 
injected at 360◦ and 405◦. For the injection at 360◦, this is clearly 
indicated by the temperature line inflection shown in Fig. 10. Further 
increase of the injection angle did not show the presence of the liquid 
fraction (vapor quality = 1) except at the injection point. This happens 
due to the high degree of superheat at an injection angle over 405◦. At 
the time, the cooling of the superheated gas before reaching the injection 
point was observed for all investigated cases. This was explained by the 
leakage of cooled gas towards the suction port. The injection mass flow 
rate of 0.01 kg/s at 360◦ and 405◦ did not provide wet compression for 
the whole length of the compressor, which means it is insufficient for 
good lubrication. The mass flow analysis revealed that the injection of 
0.01 kg/s does not generate backflow from the discharge port into the 
compression chamber, and under-compression was not observed for 
both the lean and rich solutions, irrespectively on the injection angle. 

Three different injection mass flow rates (0.01 kg/s, 0.015 kg/s and 
0.02 kg/s) were investigated with respect to the set injection angles. 
Increasing the injection mass flow rate lowers the discharge tempera-
ture, pressure, and compression power, as observed in Section 4.4. At 
the same time, the increase of the injection angle results in the decrease 
of the under-compression and backflow. For injection of lean solution, it 
was found that under-compression and backflow occurred with an 
injected mass flow rate of 0.015 kg/s for injection angles up to 450◦ and 
with 0.02 kg/s for injection angles up to 495◦. At an injection angle of 

Table 2 
Results for different xinj values at constant Cleak = 0.05 m− 1, θinj = 360◦ and 
ṁinj = 0.01 kg/s.  

xinj[-] 0.0 0.25 0.5 0.75 1.0 

Tmax[◦C] 169.2 172.6 179.2 191.2 207.3 
pmax[bar] 25.82 25.96 26.24 26.85 27.65 
Ẇcomp[kW] 54.07 54.35 54.94 56.21 57.89  

M.U. Ahrens et al.                                                                                                                                                                                                                              



Applied Thermal Engineering 219 (2023) 119425

10

540◦, no under-compression and backflow were observed. For injection 
of rich solution, the under-compression and backflow with an injected 
mass flow rate of 0.015 kg/s occurred only for an injection angle of 360◦

and with 0.02 kg/s for injection angles up to 450◦. More detailed in-
formation is presented in Table 4. 

The analysis on the provision of wet compression revealed that 
higher mass flow rates are required for later injection positions. Wet 
compression was not observed for injection at 540◦, while in all other 
cases sufficient wet compression occurred at injection rates of 0.02 kg/s 
at the latest. As indicated in Fig. 10 and Table 4, injection at the 
beginning of the compression phase (360◦) shows the best effect on the 
resulting parameters. However, to ensure continuous wet compression 
throughout the entire compression phase, larger mass flow rates (min. 

0.02 kg/s corresponding to approx. 10 % of the compressor’s suction 
mass flow rate) must be injected. To limit a further increase in the 
required injection flow rate with the resulting effects such as increased 
under-compression and backflow, the distribution of the injection over 
multiple injection ports can be considered, as the single port solution 
becomes insufficient. Here, a portion of the solution is injected at the 
beginning of the compression phase at 360◦, with the remaining portion 
injected at a later stage to ensure continuous wet compression for suf-
ficient lubrication and sealing effects. 

An investigation with different injection positions (360◦, 450◦ and 
495◦) and mass flow rates was conducted to evaluate the distribution 
through two injection ports. The first injection was placed at 360◦, the 
only position capable of ensuring wet compression from the beginning of 
the compression phase. The second injection port was located either at 
450◦ or 495◦ to support continuous wet compression towards the end of 
the compression phase, see Fig. 10. Total injection rates of 0.01 kg/s, 
0.015 kg/s and 0.02 kg/s were distributed to both ports with varying 
injection flow ratios for each port in steps of 0.005 kg/s. The analysis for 
the case with injection ports located at 360◦ and 450◦ revealed that with 
increasing total injection rate, the discharge temperature, discharge 
pressure and compressor power decrease, as shown in Table 4. At the 
same time, the length of the occurring wet compression increases. 
Increasing the injected flow over the port at 450◦ (while keeping the 
total injection flow constant) resulted in slightly increased values for 
discharge temperature, discharge pressure, and compressor power 
compared to single port injection (see Table 4). Furthermore, a flat-
tening of the vapor quality curves was accompanied by a lower degree of 
under-compression and backflow when compared with single port in-
jection and increased injection flow at 360◦ (two port injection). The 
analysis for the case with injection ports located at 360◦ and 495◦

indicated a similar behaviour with slightly increased values for 
discharge temperature, discharge pressure and compression power. 
Unlike the previous case with the second injection at 450◦, it is impor-
tant to note that with a low injection rate of 0.005 kg/s at 360◦, no 
continuous wet compression was achieved with total injection rates of 
0.01 kg/s and 0.015 kg/s. Once wet compression stops, it is difficult to 
regain it at a later stage due to the increased temperature. Therefore, an 
attempt should be made to ensure continuous wet compression. Based 
on these results, it is suggested to split the injection over two ports 
located at 360◦ and 450◦, with the larger proportion of 0.015 kg/s (75 
%) injected through the port at 450◦. In this case, an injection flow of 
approx. 0.02 kg/s is still required for complete wet compression. How-
ever, the resulting pressure is around 0.01 bar higher, and less under- 

Fig. 8. Temperature evolution for different ṁinj values with xinj = 0.4 at constant Cleak = 0.05 m− 1 and θinj = 360◦ .  

Table 3 
Results for different ṁinj values with xinj = 0.4 and 0.7 at constant Cleak = 0.05 
m− 1 and θinj = 360◦ .  

ṁinj[kg/s] 0.0 0.005 0.01 0.015 0.02 

xinj = 0.4 
Tmax[◦C] 221.4 189.9 163.0 141.7 126.0 
pmax[bar] 27.99 26.76 25.95 25.71 25.55 
Ẇcomp[kW] 58.61 56.04 54.33 53.84 53.49 

xinj = 0.7 
Tmax[◦C] 221.4 196.2 173.3 153.3 136.7 
pmax[bar] 27.99 27.15 26.45 25.95 25.78 
Ẇcomp[kW] 58.61 56.85 55.38 54.33 53.97  

Fig. 9. Mass flow rate evolution for a CV during transition from compression to 
discharge phase for different ṁinj values with xinj = 0.4 at constant Cleak = 0.05 
m− 1 and θinj = 360◦ . 
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compression and backflow will occur. 

4.6. Variation of compressor speed 

In the intended operation of a compressor in the ACHP system, the 
compressor speed will vary depending on the required operating con-
dition. As outlined in a review by Wang et al. [18], investigations in the 
literature show that changes in speed affect the different performance 
parameters of the compressor. To gain a better understanding of the 
achievable performance parameters at varying operating points of the 
compressor, the influence of the operational frequency was investigated. 
The operational frequency was set to 62.5 Hz (125 %), 50 Hz (100 %), 
37.5 Hz (75 %) and 25 Hz (50 %) with a constant Cleak value of 0.05 m− 1 

and single-port injection at an injection angle of 360◦. The liquid in-
jection rate with respect to the specific compressor suction mass flow 
rate was varied from 0 %, 5 %, and 10 %, with NH3 mass fractions of 0.4 
and 0.7. 

The suction mass flow rate of the compressor for the ideal case 
without leakage (Cleak = 0.0 m− 1) and no liquid injection (ṁinj set to 0) 
increases linearly with increasing operational frequency. Under 
consideration of internal leakage (Cleak = 0.05 m− 1), the results revealed 
that a decrease in the operational frequency causes an increase in the 
occurring leakage flow. Due to reduced rotor speed, the residence time 
of the working fluid in the cavity volume during the compression process 
is extended, and leakages increase. Fig. 11 presents the achieved volu-
metric efficiencies compared to the reference case without leakage for 

the investigated operational frequencies and liquid injection flow rates 
corresponding to 0 %, 5 % and 10 % of the respective suction mass flow 
rates. 

The results demonstrate that the volumetric efficiency increases for 
higher operational frequencies. Moreover, the increase in the injection 
rate provides an improvement in the volumetric efficiency at constant 
frequencies. Here, the difference from 0 % to 5 % is larger than from 5 % 
to 10 %, indicating that the liquid has a positive effect on the occurring 
leakages, although there is a maximum possible value that can be 

Fig. 10. Example of temperature evolution for different θinj values with xinj = 0.4 at constant Cleak = 0.05 m− 1 and ṁinj = 0.01 kg/s.  

Table 4 
Results for different θinj and ṁinj values with xinj = 0.4 and 0.7 at constant Cleak = 0.05 m− 1.   

xinj = 0.4 xinj = 0.7 

θinj[◦] 360 405 450 495 540 360 405 450 495 540 

ṁinj = 0.01kg/s 
Tmax[◦C] 163.0 163.6 168.2 172.1 184.4 173.3 172.6 177.1 178.1 190.2 
pmax[bar] 25.95 26.02 26.70 26.78 27.09 26.45 26.49 26.90 26.92 27.22 
Ẇcomp[kW] 54.33 54.49 55.89 56.07 56.71 55.38 55.46 56.31 56.37 57.00 

ṁinj = 0.015kg/s 
Tmax[◦C] 141.7 141.5 143.7 147.9 167.1 153.3 154.3 156.6 160.2 175.5 
pmax[bar] 25.71 25.71 25.83 26.24 26.65 25.95 25.99 26.36 26.49 26.87 
Ẇcomp[kW] 53.84 53.82 54.08 54.94 55.79 54.33 54.42 55.18 55.46 56.25 

ṁinj = 0.02kg/s 
Tmax[◦C] 126.0 126.0 126.2 129.3 150.6 136.7 135.8 138.1 142.7 161.2 
pmax[bar] 25.55 25.56 25.62 25.80 26.23 25.78 25.76 25.84 26.11 26.46 
Ẇcomp[kW] 53.49 53.51 53.63 54.01 54.91 53.97 53.94 54.09 54.67 55.41  

Fig. 11. Volumetric efficiency for varying f and liquid injection flow rates from 
0 %, 5 % and 10 % with xinj = 0.4 at constant Cleak = 0.05 m− 1 and θinj = 360◦ . 

M.U. Ahrens et al.                                                                                                                                                                                                                              



Applied Thermal Engineering 219 (2023) 119425

12

achieved. 
The same trends are observed for the other investigated parameters. 

The maximum temperature reached decreases for increasing operational 
frequencies from 238.9 ◦C at 25 Hz to 218.3 ◦C at 62.5 Hz with no in-
jection. When the injection rates are increased to 5 %, both the 
respective temperatures and the total variation decrease (174.1 ◦C at 25 
Hz and 161.6 ◦C at 62.5 Hz). At an injection rate of 10 %, full wet 
compression is achieved for all cases studied, and the temperatures are 
greatly reduced to 130.5 ◦C at 25 Hz and 125.8 ◦C at 62.5 Hz. Therefore, 
to obtain the same temperature as in cases with higher operational 
frequency, a higher injection ratio is required. The same beneficial 
impact of the injection is observed for the changes in the maximum 
pressure (from 28.08 bar to 26.14 bar to 25.71 bar at 62.5 Hz and from 
27.53 bar to 25.61 bar to 25.24 bar at 25 Hz), and the maximum 
required compression power (from 73.79 kW to 68.42 kW to 67.28 kW 
bar at 62.5 Hz and from 28.82 kW to 26.81 kW to 26.42 kW at 25 Hz), 
with the lowest values are obtained with 10 % injection rate. 

The determination of isentropic and adiabatic efficiency for the 
comparison and evaluation of the achieved efficiency is complicated in 
the present study. Due to the liquid injection, a continuous heat transfer 
takes place, which is often solved by splitting the compression process, 
as described by Tian et al. [22] and Di et al. [43]. However, the NH3 
mass fraction also changes continuously, complicating the calculation 
and making comparison difficult. For this reason, the specific power is 
calculated as the ratio of the maximum total compression power to the 
suction mass flow rate. Fig. 12 shows the determined specific power for 
the investigated operational frequencies and liquid injection flow rates 
corresponding to 0 %, 5 % and 10 % of the respective suction mass flow 
rates. 

The results indicate that the specific power required for compression 
decreases as the operational frequency increases. In addition, a higher 
injection rate ensures a further reduction in specific power. Here, the 
characteristics are similar to the previously described trends. It can be 
concluded that the injection rate and ratio must be adapted and 
controlled according to the compressor speed. These observations are 
consistent with the results presented in the literature by various authors 
such as Tian et al. [22], Wang [39] and Li et al. [44]. 

4.7. Discussion of results and model limitations 

The results and model limitations are discussed with respect to the 
conducted investigation of the liquid injection for an oil-free twin screw 
compressor within the ACHP system. The objective of the developed 
MODELICA screw compressor model was to improve the understanding 
of thermodynamic behaviour during the compression process using 
NH3-H2O mixture as refrigerant and liquid injection with varying NH3 
mass fractions. The preliminary analysis indicated that both desorption 
of ammonia from the liquid phase and full evaporation are achievable, 

irrespective of the subcooled state of the injected lean or rich solution. 
The developed model consists of moving control volumes containing 

the working fluid in liquid vapor equilibrium and performing the 
compression process without mechanical losses. To consider occurring 
leakages across the rotor tips and housing, a function was implemented, 
and a leakage coefficient (Cleak) was defined. The analysis with different 
values indicated the influence on the pressure evolution and resulting 
over- or under-compression. A suitable value of 0.05 m− 1 was selected 
for the further investigation to also consider additional losses of other 
leakage paths. Heat losses to the compressor body and ambient were not 
considered for further investigations after assessing their influence. 

The study of the NH3 mass fraction revealed that a reduction in the 
ammonia content resulted in decreasing values for discharge tempera-
ture, discharge pressure and compression power at a constant injection 
mass flow rate. It was demonstrated that the presence and duration of 
wet compression (for lubrication and sealing of the compressor) are a 
function of the NH3 mass fraction of the injected solution. The best re-
sults were obtained with pure water, and it is therefore preferable to 
inject a solution with low NH3 mass fraction, such as the lean solution in 
the ACHP system. 

The investigation of the injection mass flow rates demonstrated that 
wet compression throughout the whole compression phase is possible 
with an increase in the injection quantity. However, if the injection flow 
becomes too large, negative effects such as under-compression and 
backflow from the discharge port will occur. At constant injection flow 
rates, these effects are less significant with an increased NH3 mass 
fraction. An optimum of 0.01 kg/s for the lean solution and between 
0.01 kg/s and 0.015 kg/s for the rich solution was determined. 

The positioning of injection ports revealed a strong influence on the 
results obtained. Wet compression was observed with an injection flow 
of 0.01 kg/s for injection at 360◦ and 405◦. However, this did not occur 
for the entire compression phase. For this injection rate, no under- 
compression or backflow was observed for both lean and rich solution. 
To achieve complete wet compression, larger injection flows up to 0.02 
kg/s are required, corresponding to approx. 10 % of the compressor’s 
suction mass flow. At the same time, the provision of complete wet 
compression through the injection at 360◦ with 0.02 kg/s led to the 
highest under-compression and backflow from the discharge port. The 
split of two injection ports was investigated to evaluate further options 
to ensure continuous wet compression. It was found that injection at 
360◦ and 450◦ with a higher injection rate of 0.015 kg/s (75 % of total 
injection) at 450◦ leads to higher pressures of 0.01 bar with a reduction 
in occurring under-compression and backflows. The analysis of varying 
compressor speed revealed that leakage flows increase at reduced 
operational frequency. This results in an increased temperature and 
higher required liquid quantities. It can be concluded that the injection 
rate must be adapted to the respective operating conditions. 

For the comprehensive evaluation of the obtained results, the given 
model limitations are addressed and discussed. Occurring leakages, 
mechanical and heat losses, and other component and/or operation 
specific parameters are difficult to predict without detailed geometry 
and data and often require experimental investigations. The imple-
mented model of leakage allows to understand and adjust different 
leakage paths and their geometries. At the same time, the absence of a 
specific liquid film due to the homogeneous vapor–liquid equilibrium 
approach of each CV hampers the accurate determination of occurring 
leakage flows and achievable efficiencies. Since the compressor effi-
ciencies were not a primary concern in this study, the assumption of 100 
% mechanical efficiency is reasonable. However, this assumption ne-
glects the fact that mechanical losses under real conditions can influence 
the temperature evolution of the working fluid by generating heat and 
thus effect all other operational parameters. This may be compensated 
for to some extent, as additionally counteracting heat losses to the 
compressor body were not considered. 

The solution is injected in a highly supercooled state and the time to 
achieve eventual liquid–vapor equilibrium becomes extremely limited 

Fig. 12. Specific power (compression power to compressed working fluid flow) 
for varying f and liquid injection flow rates from 0 %, 5 % and 10 % with xinj =

0.4 at constant Cleak = 0.05 m− 1 and θinj = 360◦ . 
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due to the high rotational speeds and relatively short residence time. 
Furthermore, the liquid–vapor surface area is further reduced due to 
imperfect dispersion without the use of atomizing nozzles or similar 
devices. Forces resulting from the rotational motion of the rotors cause 
the liquid droplets to move toward the rotor tips and/or the compressor 
housing, which impedes uniform dispersion. All these factors can 
hamper substantial heat and mass transfer under real operating condi-
tions, resulting in the presence of simultaneously remaining liquid in the 
CV despite superheated vapor being present. Compared to this, the 
assumption of liquid–vapor equilibrium with homogeneous distribution 
in the CV can lead to an overestimation of the pressure and an under-
estimation of the temperature evolution. Due to these known limitations 
and further unknown uncertainties, the results are considered as a kind 
of best-case analysis. 

5. Conclusion 

The objective of this study was to develop an oil-free twin screw 
compressor model with NH3-H2O mixture as refrigerant and liquid in-
jection to improve the understanding of thermodynamic behaviour 
during the compression process and to discuss the integration into the 
ACHP system. The preliminary thermodynamic analysis indicated that 
both desorption of ammonia from the liquid phase and full evaporation 
are achievable during the compression process with liquid injection, 
irrespective of the subcooled state of the injected lean or rich solution. 
For a comprehensive investigation, a quasi-one-dimensional numerical 
model was developed using the Modelica language that considers the 
effects of liquid injection, leakage flows, and heat losses. The model was 
designed to investigate various arrangements of liquid injection and 
operating conditions and consists of eight control volumes moving in a 
continuous compression cycle, containing the working fluid in liquid 
vapor equilibrium. It is suitable for both transient and steady-state 
analysis and was used to study the effects of varying NH3 mass frac-
tions, injection amounts and injection positions during the compression 
process. 

The analysis of the obtained results revealed a strong influence of the 
investigated parameters on the compression process and the evolution of 
temperature, pressure, and compression power.  

• For the application in the ACHP system, it was concluded that the 
injection of solution with a low NH3 mass fraction (see Fig. 1 - Option 
1: Injection of lean solution) should be preferred. It was observed 
that a lower NH3 mass fraction resulted in decreased discharge 
temperature, discharge pressure, and compression power. The lowest 
values were obtained for the injection of pure water. High temper-
ature is generally beneficial for oil-free high temperature heat 
pumps; however, it can be limited by the material properties of the 
compressor. 

• With the injection of 0.01 kg/s (about 5 % of the compressor’s suc-
tion mass flow rate) of lean solution, the temperature was sufficiently 
reduced, and the pressure evolution was adapted to the externally 
applied pressure ratio. Thereby, under-compression and backflow 
from the discharge were minimized, which is important for the 
efficient and sustainable operation of the compressor.  

• Wet compression was observed during the injection at the beginning 
of compression but was not continuous throughout the entire 
compression phase. To ensure a continuous liquid film that provides 
sufficient lubrication and sealing throughout the compression pro-
cess, the injection rate must be increased to about 10 % of the 
compressor’s suction mass flow rate (0.02 kg/s).  

• When injecting through a single port, full wet compression was 
observed only when injected at 360◦ (at the beginning of the 
compression phase), regardless of the injection rate. Thus, the 
placement of one port at 360◦ is important for ensuring a continuous 
liquid film.  

• To further optimize the achievable results, injection through an 
additional port in the mid-compression phase (450◦ or 495◦) was 
investigated. Compared to the single-port injection, the distribution 
over two injection ports, with the smaller portion (approx. 25 %) 
injected at 360◦ at the beginning of the compression process and the 
greater portion (approx. 75 %) injected at 450◦, can support the 
provision of wet compression and reduce occurring under- 
compression. 

• An investigation with varying compressor speed revealed the influ-
ence on the investigated compressor parameters. It was concluded 
that the injection rate and ratio must be adjusted and controlled to 
achieve identical temperatures depending on the operating point. 

The limitations of the existing model due to the assumptions for the 
working fluid in each control volume with homogeneous behaviour and 
liquid vapor equilibrium, as well as the simplified representation of 
leakage paths and other losses were discussed. Due to these known 
limitations and further unknown uncertainties, the results are consid-
ered as a kind of best-case analysis. However, the conducted investiga-
tion fulfils the purpose to provide information about the expected 
behaviour and the preferred integration into ACHP systems. Further-
more, it provides results for the lowest required injection mass flow and 
the distribution of injection positions to improve the planning of 
necessary experimental investigations. The adaptability of the model 
also provides a comparatively simple increase in the degree of detail for 
further investigations. 

Further research will focus on the experimental investigation and 
realization of oil-free operation by lubricating and cooling the bearings 
with the injected solution. This can be supported by a comprehensive life 
cycle assessment to investigate how the use of more specialized mate-
rials like oil-free bearings and more advanced sealings compares to a 
potential complete elimination of lubrication oil and oil separation 
equipment. Furthermore, an exergy analysis can be conducted to 
investigate the influence on the overall ACHP system performance. 
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