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A comprehensive characterization of the GPU-3 Stirling engine losses with the aid of
the CFD approach is presented. Firstly, a detailed description of the losses-related
phenomena along with the method of calculating each type of loss are addressed.
Secondly, an energy analysis of the engine is carried out in order to specify the impact
of each type of losses on the performance. Finally, the design effectiveness of each
component of the engine is investigated using an exergy analysis. The results reveal
that the hysteresis loss occurs mainly within the working spaces due to the flow jetting
during the first part of the expansion strokes. Additionally, the pressure difference
between the working spaces is the main driver for the flow leakage through the
appendix gap. The exposure of the displacer top wall to the jet of hot gas flowing into
the expansion space during expansion stroke essentially increases the shuttle heat loss.
A new definition for the regenerator effectiveness is presented to assess the quality of
the heat storage and recovery processes. The energy analysis shows that regenerator
thermal loss and pumping power represent the largest part of the engine losses by
about 9.2% and 7.5% of the heat input, respectively. The exergy losses within
regenerator and cold space are the highest values among the components,
consequently, they need to be redesigned

1. Introduction

Computational Fluid Dynamics (CFD) approach provides an essential contribution to the
simulation of Stirling engine especially with the increasing need for high-accuracy models. Indeed,
the CFD models have recently achieved high accurate predictions of the Stirling engine performance
[1, 2]. This is, besides, the successfulness in the depiction and explanation of the highly transient
phenomena related to the fluid dynamics and heat transfer within the engine [1, 3]. Furthermore,
this technique has effectively dealt with the complicated geometry of this engine and the consequent
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three-dimensional effects [4, 5]. All these aspects have been considered as obstacles facing the
conventional zero- and one-dimensional numerical techniques [1].

The losses of the Stirling engine have always been a topic of substantial interest to researchers
concerned with the performance analysis. Nevertheless, the accurate estimation of these losses is
still one of the most common problems of the engine modeling due to the difficulty of understanding
and prediction of the irreversibilities causing them. There are different categories upon which these
losses can be classified [6-8]. In general, the losses of Stirling engine can be mainly classified as
thermal, flow and mechanical losses. The thermal losses include hysteresis loss, regenerator heat
loss, shuttle heat transfer by the displacer, enthalpy pumping losses through the appendix gap as
well as heat conduction loss through the walls of the regenerator and the cylinder. Whereas the
pumping loss, the power loss due to piston finite speed and the leakage from the piston seal are
classified as the flow ones. In the following subsections, an identification of each type of loss along
with the previous attempts of its estimation will be presented.

1.1 Hysteresis Loss

The cyclic heat transfer rate, heat pumping, through the walls of the working spaces is usually
referred to as “hysteresis loss”. This occurs due to the heat interaction between the working gas and
the walls of these spaces. Tew [9] pointed out that regions with small surface-to-volume ratio, such
as working spaces and manifolds, are generally responsible for the hysteresis loss. However, the
several irreversible processes that occur within the working spaces are the main reason for this type
of loss. These processes include the gas spring, the jetting and ejecting flow which usually
accompanying by eddy motions and the mixing of gases at different temperatures.

For a long time, almost all research has been focused on the gas spring as the only source of
hysteresis loss. The compressibility of the gas enclosed within a cylinder-piston arrangement is used
to provide a force when subjected to a displacement work such that provided by the mechanical
spring [10]. When the gas spring is first compressed and then allowed to expand back to the initial
state, a certain amount of work is dissipated [11]. Various analytical and empirical equations have
been developed to predict hysteresis losses in the gas spring [12-14]. Though, the analytical equation
derived by Urieli and Berchowtiz [14] is particularly considered as the most applied one in Stirling
engine analyses. However, the discrepancy between the experimental data and the theoretical
predictions motivates the researchers to include the other irreversible effects in the derived
equations. Correction factors were initially applied to these equations to enhance the estimation of
this loss [15]. Afterwards, Kornhauser [11] derived an empirical correlation for the hysteresis loss
when the cylinder is connected with a heat exchanger. However, this correlation is not adequate for
the loss prediction in the whole operating conditions that exist in the Stirling engine. Recently, Willich
et al., [16] presented an axisymmetric CFD model of the gas spring. They observed a significant
increase in hysteresis loss due to the presence of the eddy motions such as generated from the flow
through valves or any source of secondary flow.

In this context, it is worth mentioning that there is a contradiction in published literature
concerning the influence of the hysteresis loss on the Stirling engine performance. Urieli and
Berchowitz [14] stated that the crank-type Stirling engines usually have small hysteresis loss, while
Timoumi et al., [17] and Sullivan [18] confirmed that the inaccuracy in the estimation of the hysteresis
loss has a significant impact on the performance prediction error regardless the Stirling engine type.
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1.2 Regenerator Thermal Loss

Generally, the gas flow within the regenerator goes through two periods, namely, hot and cold
blows. The regenerator matrix is considered as a thermal storage element during the hot blow period.
In this period, the energy of the hot flow coming from the heater is absorbed in the regenerator
matrix. Subsequently, it gives up this energy to the cold gas flowing from the cooler during the cold
blow period [1]. In practice, it is impossible to have heat storage or recovery flawlessly.

Typically, the quality of regeneration process is evaluated by the regenerator effectiveness. Urieli
and Berchowitz [14] defined the effectiveness as “the amount of heat transferred from the matrix to
gas during a single blow through the regenerator to the equivalent amount of heat transferred in the
regenerator of the ideal adiabatic model”, while Timoumi et al., [17] proposed another definition
based on enthalpy changes as “the actual enthalpy change of the gas during a single blow to the
maximum theoretical enthalpy change of the gas in the regenerator”. The definition of Timoumi is
mostly used. However, it depends mainly on the assumption of a linear distribution of the gas
temperature inside the regenerator. The weakness of this assumption is later confirmed in other
studies [1, 19, 20]. The regenerator thermal loss is considered one of the most major losses that
affect the performance of the Stirling engine [9, 10, 14, 17, 21].

1.3 Shuttle Heat Transfer and Enthalpy Pumping Losses

In B-and y-configurations of the Stirling engine, the reciprocating motion of the displacer
alternatively shuttles the working fluid from the hot to the cold space. This reciprocating motion is
accompanied by two different types of thermal losses; shuttle heat transfer and enthalpy pumping
losses. Besides the conduction loss resulting from the axial temperature gradient along the walls of
the displacer and the cylinder, the reciprocating motion of displacer causes extra heat transfer from
the hot to the cold space. This motional heat transfer is so-called shuttle heat transfer [22]. The basic
principle of the shuttle heat transfer is illustrated in Figure 1. When the displacer reaches the hot end
of its stroke, the displacer walls receive heat from the cylinder walls. Contrarily, the heat is
transferred from the displacer walls to the cylinder walls during the movement of the displacer
towards the cold end of its stroke. As the cycle proceeds, the displacer repeatedly receives heat from
the expansion space and rejects heat to the compression space. This creates a cyclic net enthalpy
flow rate from the expansion to the compression space — that is the shuttle heat transfer [23].

Cylinder
Q = Displacer

A Displacer

x x

Cold - End Hot - End Cold - End Hot - End

Fig. 1. Schematic diagram of basic principles of shuttle heat transfer [24]
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In addition to the energy carried by the reciprocating displacer, the presence of the appendix gap
causes other type of loss. The enthalpy pumping loss, which is the flow leakage through this gap that
yields a cyclic net enthalpy flow rate in the presence of axial temperature gradient [23]. The enthalpy
pumping is one of the most complicated losses in Stirling engine. The complex fluid flow and heat
transfer phenomena taking place in the appendix gap result from a combination of pressure
fluctuations and displacer motion in the presence of axial temperature gradient [24]. Moreover, the
overlapping between this loss and the shuttle heat transfer loss causes a difficulty of dealing with
each loss separately.

Several analytical and empirical expressions were proposed to estimate the shuttle heat transfer
and the enthalpy pumping losses. Rios [25] firstly derived a simple expression for calculating only the
shuttle loss. This expression was based on the assumptions of infinite heat capacity for the cylinder
and displacer walls as well as a sinusoidal motion for the displacer. Later, Urieli and Berchowitz [14]
and Martini [26] used Rios’s formula in their analysis. On the other hand, Urieli and Berchowitz [14]
modelled the flow in the appendix gap as a steady Couette flow and derived a simple formula for the
leakage mass flow through the appendix gap. This formula has been used in Stirling engine analysis
till now. These models had been followed by several attempts to obtain more accurate results [22-
24, 27]. However, all these studies used simple geometries to derive closed formulas for the shuttle
and enthalpy pumping losses. Recently, Sauer and Kuehl [28] pointed out the importance of coupling
the differential equations of the appendix gap to the main differential equations of the whole engine.
This can achieve more accurate estimation for these losses compared with the analytical models
which are based on partially questionable assumptions and simple geometries.

Interestingly, there is a contradiction in the published literature concerning the influence of the
shuttle and enthalpy pumping losses on the Stirling engine performance. Some researchers [29]
confirmed on the small influence of these losses on the engine performance and, hence, neglected
them in their analysis, while other studies confirmed that it cannot be negligible as it may amount to
about 10% of the total heat input [30].

1.4 Heat Conduction Loss through Engine Walls

In general, the temperature gradient along the Stirling engine promotes a heat conduction loss
through the walls of the engine. Most of this heat conduction loss appears through the walls of the
regenerator which separates the heater and the cooler [31]. Also, the heat conduction from the hot
space to the cold space through the cylinder walls is another source of this type of loss [32]. According
to Fourier’s law, the heat loss by conduction through the walls of the regenerator and the cylinder
can be calculated. Here, it should be pointed out that the heat conduction loss through the heater
and cooler walls as well as the heat loss due to the gas conductivity can be neglected [17].

1.5 Pumping Loss

In fact, the fluid friction associated with the flow through the heat exchangers and manifolds
results in a pressure drop through these components. This consequently has an effect of reducing
the power output of the engine, so-called pumping loss [14], [33]. Generally, the pressure drop
through the heater, cooler and regenerator is calculated using empirical correlations for the friction
coefficient. For a long time, the common practice used the correlations proposed by Kays and London
[34] which derived from the steady-state unidirectional flow tests. Since, no correlation has been
available for reciprocating flow conditions encountered in Stirling machines until recent years [35].
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Recently, several attempts [35], [20] to develop new correlations for friction coefficient through the
heater, cooler and regenerator under oscillating flow conditions have been published.

All research emphasizes on the significant impact of pumping loss on the engine performance.
According to Ibrahim and Tew [36], the pressure drop losses may represent about 11% of the
inefficiency of the Stirling engine and 70 — 90 % of which is attributed to the pressure drop in the
regenerator [37]. As well, Simon and Seume [38] referred to that about 35% of the heater and cooler
pressure drops occurred at the pipe entrance and exit in the engine.

1.6 Power Loss Due to Piston Finite Speed

During the compression and expansion processes, the actual pressure over the piston face usually
differs from the bulk gas pressure in the cylinder according to the flow direction [39]. This pressure
loss is due to the piston finite speed. In fact, pressure waves that are generated due to the movement
of piston cause this difference [40]. Therefore, the actual power generated by the expansion process
is reduced and the actual power consumed in the compression process is increased. As a result, the
net power generated by the engine is less than the corresponding power predicted by the classical
thermodynamic analysis [41].

Limited number of researchers [39-42] took this type of loss into consideration. They used a
simple formula to calculate this pressure loss and combined it with the total pressure drop produced
within the heat exchangers.

1.7 Leakage Loss from Piston Seal

In reciprocating machines, the presence of sealing is usually associated with leakage loss. This
loss generally occurs between the working spaces and the buffer spaces through the power piston-
cylinder gap. The quantity of the mass leakage depends on the size and the power scale of the engine
[42]. Different empirical [32] and analytical [14], [43] correlations are used to calculate this loss.

2. Current Contribution

From the above survey, one can observe that the losses estimation were mainly adopted by
decoupled and simplified closed-form correlations with several assumptions. This occurred without
providing clear relations between the thermodynamics irreversibilities and the physical phenomena
that cause them. Also, the researches have differed in the impact of each type of losses on the
performance of the Stirling engine. Accordingly, the present study aims at presenting a
comprehensive characterization of the physical phenomena causing the losses with the aid of the
CFD approach. Then, a detailed energy analysis of the Stirling engine is performed. An exergy analysis
of the engine is also conducted in order to accurately assess its performance. The exergy analysis is
generally used not only to gauge the potential but also to identify opportunities for improvement in
the system performance [44]. The investigation is conducted on a B-type Stirling engine, namely
Ground Power Unit-3 (GPU-3). The design specifications of the GPU-3 engine have been documented
by El-Ghafour et al., [1, 45]. The detailed three-dimensional CFD simulation and analysis of the GPU-
3 engine are performed using a commercial software, ANSYS FLUENT (v14.5).
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3. Governing Equations

In the present study, the flow is oscillatory, compressible and Newtonian. Hence, Unsteady
Reynolds-Averaged Navier-Stokes (URANS) equations, besides the equation of state, are used to
predict the thermal and the fluid flow fields in this model. Here, the realizable k-€ model with
enhanced wall treatment for the near wall region is employed to estimate the turbulent viscosity.
Among the different turbulent and transition models, it was proved to produce the most accurate
predictions for the engine performance with a robust convergence for the solution [1]. Additionally,
the regenerator is currently modelled using the local thermal non-equilibrium porous media
approach. The details of the all applied equations can be found in Ref. [1] and [45].

4. Equations of Energy and Exergy Analyses

The indicated power can be calculated by

Pna = (5) [$ pe dVe + $pe dVe ] (1)

The rate of heat transfer over the cycle for any solid boundary is determined as

0= (G)$ (0 da)at @

The rate of exergy transfer accompanying the heat transfer to or from the system during any
process, Eq, can be generally written as [44]

. T .
Eq=(1-72)0Q 3)
where T, and Ty, denote the temperature of the dead state and of the boundary where heat transfer
occurs, respectively. Here, the dead state temperature is assumed as 15°C (288K). On the other hand,
the rate of exergy transfer accompanying power, E'w, is simply the power [44].

The instantaneous rate of exergy associated with a flowing stream at a specific state, E;, can be
computed as

Ey = (Hx — Hy) — To(Sx — So) (4)

The exergy loss, sometimes called exergy destruction, represents the losses that prevent the
system from achieving the maximum efficiency. At the cyclic steady state, the rate of exergy loss, E;,
can be calculated from the exergy rate balance for the system as [46]

E:'L = i Eqi + Zj Eénter]- - Xk E'wk - 2 Eéxitl (5)

where E,.er and Eg;; are the rates of exergy of the flow entering and exiting the system,
respectively.

Indeed, there are several methods of exergy analysis that can be conducted on Stirling engine. A
method that seems to be more suitable is adopted in the current study. According to this method, a
separate exergy balance is applied on each component of the engine. Throughout each balance, the
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component is treated as an open system. Hence, the exergy loss within each component can be
estimated, as displayed in Eq. (5).

5. Methodology
5.1 Computational Domain

The computational domain at the instance of zero crank angle (6 = 0) is presented in Figure 2. It
represents just one-eighth of the engine geometry that consists of heater, cooler, regenerator,
displacer and appendix gab in addition to compression and expansion spaces. The wall thickness of
these parts is neglected, except that of the displacer. ANSYS Design Modeller is used for constructing
the geometry while ANSYS Meshing is utilized to generate the computational grid. For the current
simulation, some aspects should be followed to develop the grid that achieves an accurate and
converged solution [1].

Upper part of heater ===
tubes :

Part of heater tubes that exposed to heat
source . D ERET TP Lower part of heater tubes at cylinder side

-- Side wall of expansion space

""" Top wall of expansion space

Lower part of heater tubes at regenerator --------
side
--------------- Interior walls of displacer

Upper part of cooler tubes ...

Part of cooler tubes that exposed to cooling ~

water - s ------ Side wall of compression space
Lower part of cooler tubes -----

Piston walls

Fig. 2. Computational domain
5.2 Operating, Boundary and Initial Conditions

The operating conditions and the values of the different wall temperatures applied in the current
simulation are presented in Table 1 and 2, respectively. Periodic boundary conditions are applied to
the faces in the azimuthal direction since only one-eighth of the physical domain is modelled. No-slip
boundary conditions are applied to all walls.

The operating conditions applied in this study is presented in Table 1. As clarified from these data,
the temperature of the different engine walls, except that of the cooler tubes, have not been given.
Accordingly, the temperature of the walls should be assumed, but, under specific constraints. Firstly,
the cycle-averaged temperature of the gas in the whole heater tubes should be maintained as 950 K.
Secondly, the heat added to the engine is restricted to the heater length that is exposed to the heat
source, while the other parts of the heater is modelled with a nearly zero cyclic heat transfer rate.
Similarly, the temperatures of the walls of the cooler tubes are imposed. Thirdly, the temperatures
of the walls of the expansion and the compression spaces are nearly equivalent to the cycle-averaged
gas temperature in the corresponding space. The assumption of isothermal wall boundary
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temperature for these spaces is justified by the high thermal inertia of the solid material compared
to that of the gas. Finally, the temperature of the other walls of the engine is considered to follow a
linear distribution. Several trials are conducted to fulfil the operating conditions under these
constraints. The values of the assumed walls temperatures, applied in the current simulation, are
illustrated in Table 2. Periodic boundary conditions are applied to the faces in the azimuthal direction
since only one-eighth of the physical domain is modelled. No-slip boundary conditions are applied to
all walls.

Table 1

Operating condition of GPU-3 Stirling engine

Working fluid Hydrogen

Engine speed 3500 rpm

Mean pressure of compression space 6.92 MPa

Average gas temperature in heater tubes 950 K

Metal-wall temperature of cooler tubes 293 K
Table 2
Temperature values of different walls of GPU-3 Stirling engine
Name Temperature(K)
Top wall of expansion space 870
Side wall of expansion space 805
Side wall of compression space 325
Walls of piston 305
Interior walls of displacer Adiabatic
Walls of upper part of heater tubes 995
Walls of a part of heater tubes that are exposed to heat source 1090
Walls of lower part of heater tubes (cylinder side) 1025
Walls of lower part of heater tubes (regenerator side) 975
Walls of upper part of cooler tubes 315
Walls of a part of cooler tubes that are exposed to cooling 293
water
Walls of lower part of cooler tubes 307

Under the current setup, the initial pressure is considered as 5.5 MPa. The initial pressure is selected
based on several iterations so that it is slightly higher than the cycle-minimum pressure.

5.3 Solution Scheme

The governing equations are discretized and solved using a finite volume-based solver, ANSYS
FLUENT (V14.5). The solution parameters used in this simulation is illustrated in Table 3. Several
techniques can be followed for speeding up the convergence of the calculation, as documented in
the previous work [1].

The reciprocating motion of the displacer and the piston and, consequently, the moving and
deforming volumes are modeled using the dynamic mesh technique. In order to impose the motion
of the piston and displacer in the model, a special User Defined Functions (UDFs) is linked to FLUENT
[1]. Meanwhile, the grid layering method is used for executing the mesh deformation.
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Table 3

Solution parameters

Name Solution Parameters
Solver type Transient, pressure-based
Velocity formulation Absolute
Pressure-velocity coupling SIMPLEC

Porous media formulation Superficial velocity approach
Spatial discretization:

Gradient of transport quantities on cell faces Least squares cell based
Pressure term Standard

Continuity, momentum and turbulence quantities Second-order upwind
Temporal derivatives discretization First-order implicit

Realizable k-¢ model with enhanced wall treatment Constants C,=1.9, 6x=1.0, 6.=1.2, Pr;=0.85
Under-relaxation factors:

Pressure 0.3
Momentum 0.7
Density, energy, turbulence quantities 0.9

The heat transfer and flow resistance coefficients should be defined in the porous media model.
These coefficients are empirically obtained using the data of Tew et al., [32]. Initially, at NASA Lewis
Research Centre, steady state flow tests were made on the regenerators of the GPU-3 engine. From
these tests, the pressure drop versus the mass flow rate was evaluated. The tests were run with air
at mass flow rates that gave approximately the same Reynolds number as actually occur in the
engine. The data given from NASA experiments is extrapolated to the low Reynolds number range,
below 50, using the wire-screen data from kays and London [35]. Afterwards, Tew et al., [32]
represented these data in the form of friction factor, Cf, as a function of Reynolds number, Re, as
shown in Figure 3. These data can be fitted to the two-parameter Ergun form [47], the following
correlation can be obtained:

Cr = %‘f” +0.567742 (6)

From this correlation, the resistance coefficients of the porous media model 1/a and C2 can be
obtained as 6.0183x1079 m”(-2) and 1.2702x10”°4 m~(-1), respectively [1]. With respect to the heat
transfer characteristics within the regenerator, Tew et al.,, [32] recommended the experimental
results of Walker and Vasishta [48]. Their tests were performed on a regenerator of 79x79 wire/cm
density and of 0.005 cm wire diameter. These specifications are close to the regenerator of the GPU-
3 engine. Figure 4 illustrates the relationship between Nusselt number, Nu, and Reynolds number,
Re, for the results obtained by Walker and Vasishta. By fitting these results to a two-coefficient
equation form, the Nusselt number-Reynolds number correlations are obtained

ForRe > 25 Nu = 0.0738 Re + 2.9446 (7)
ForRe < 25 Nu = 0.2022 Re — 0.3534 (8)

Then, the heat transfer coefficient for the solid/fluid interface, hss, can be calculated as:

__ NuKs¢

hfs - dp, (9)
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A UDF is used to define the heat transfer coefficient, hss, through each time step of the solution
time.
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Fig. 4. Nusselt number versus Reynolds number for GPU-3 regenerator [48]

In order to obtain an accurate solution with a reasonable computational cost, dedicated
independency studies are performed for the grid and time step sizes. Three different grid densities
are considered, and these include 1.8x10°, 3.1x10°, and 4.3x10° cells. It is found that the differences
in the predictions of the cycle-averaged compression space pressure between the fine and medium
grids are less than 2%. Hence the medium grid is selected for this study. Furthermore, three-time
step sizes are considered and, these include 7.3x10 s, 5.5x10 s and 3.06x10 s. The medium time
step size is used due to its close predictions with the fine time step size, but, with a smaller
computational time.
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The residuals of the transport equations are monitored to ensure the convergence of the solution.
The convergence criteria are set so that the residuals reach below 1x10° for the energy equations
and below 1x1073 for the other equations. In order to eliminate the discrepancies resulting from the
initial conditions and to attain the steady-state solution, the simulations are carried out until the
deviation in the cycle-averaged gas temperature between two subsequent cycles reaches below 1%
for all the subdomains. Typically, six cycles are needed in order to obtain a steady state solution under
the current setup. Based on a system with 16 GB memory and Core i7-6700 CPU processor with a
base frequency of 3.4GHz, each complete cycle of the engine requires about 31.5h to be simulated.

5.4 Model Validation

The predictions of the current model is validated against the experimental results [49] over a
range of the GPU-3 engine operating conditions. The comparison is based on the indicated power
only. Since it is proved that the power developed is more sensitive to the model accuracy than the
other performance parameters, such as the efficiency [1]. Figure 5 displays the validation of the
power results at the maximum and minimum operating pressures of 6.92 and 2.76 MPa, respectively
and over a wide range of the rotational speeds. The comparison indicates that the current CFD results
have a close agreement with the experimental results over the tested operating range. The average
deviation in the current results compared with the experimental ones is about 4%.
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Fig. 5. Comparison of indicated power of GPU-3 Stirling engine between current CFD and
experimental results at two mean operating pressures

6. Results and Discussion

In this section, the losses-related phenomena along with the method of calculating each loss are
firstly addressed. Afterwards, comprehensive energy and exergy analyses of the GPU-3 Stirling engine
are presented. Here, it should be referred to the importance of reviewing the comprehensive
description of the cyclic fluid flow field within the GPU-3 engine presented in Ref. [1]. This
significantly helps in understanding the physical phenomena addressed in the following sections.
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6.1 Losses Estimation
6.1.1 Hysteresis loss

As the hysteresis loss takes place within the working spaces and the manifolds of the Stirling
engine, it will be discussed within these components in the following subsections.

6.1.1.1 Working spaces

As mentioned previously, the hysteresis loss occurs due to the heat interaction between the
working gas and the walls of these spaces. So, this interaction throughout the cycle should be studied
within the compression and expansion spaces. In the beta-type Stirling engine, the flow jetting within
the expansion space is coming from the appendix gap and the heater tubes. While, within the
compression space, the flow jets come from the cooler-end duct and the appendix gap [1]. Figure 6
shows the effects of these flow jetting on the convective heat transfer coefficient at the boundaries
of the expansion and compression spaces. Here, the local directive heat transfer coefficient (DHTC)
is used to indicate the convective heat transfer. The DHTC is similar in its magnitude to the value of
the traditional heat transfer coefficient. However, the sign of the DHTC identifies the direction. The
positive sign is associated with the heat transfer direction from the solid walls towards the fluid
region and vice versa.

Hot flow from
Ir\pnn\iun space

Velocity, m/s
Directive heat ll‘nl\ru Directive heat transfer
coefMclent, W' K .M' coefficient, Wm K
0
0000 4000
. 000 'S . "~
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‘A.l.) » 14769
00 . g 292N
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$ — ° 41692
5] %000 44040
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I 2000 Hot flow from
308 —

% heater tubes

Relatively cold flow
from cooler-end duct

1

I Cold Now from compression space

(a) (b)
Fig. 6. Effect of flow jetting on local directive heat transfer coefficient (DHTC) at walls of (a) expansion space
at 8 = 180° (b) compression space at 6 = 0°

As shown in Figure 6(a), here are two counter-rotate vortices, so-called tumbles, associated with
the flow jetting from the appendix gap and heater within the expansion space. The heat interaction
between these tumbles and the walls of the expansion spaces is affected by the jetting process, the
mixing process between the two tumbles, and the consequent heat dissipation. On the other side,
the two jets that flows from the appendix gap and the cooler-end duct forms a single tumble vortex
in the compression space, as displayed in Figure 6(b).

By investigating the effect of these jets throughout the cycle [1], the variation of the
instantaneous convective heat transfer rates at the walls of the spaces can be estimated, as seen in
Figure 7. It can be demonstrated that the convective heat transfer rates is significantly enhanced
during the first part of the expansion stroke of the expansion space, i.e., period from 90° to 180°.
While, the peak enhancement of this rate occurs during the period from 245° to 360° which also
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represents the first part of the expansion stroke of the compression space. With respect to this figure,
the cyclic convective heat transfer rate from the walls of the compression and expansion spaces can
be calculated according to Eq. (2). These values represent the hysteresis losses from the working
spaces. Here, it is worthy mentioned that the hysteresis loss occurs mainly within the working spaces
due to the flow jetting during the first part of the expansion strokes.
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Fig. 7. Instantaneous convective heat transfer rates at the walls of expansion and compression
spaces over one cycle versus crank angle

6.1.1.2 Manifolds of hot and cold spaces

In general, the manifolds of the Stirling engine are divided into two main categories. These are
the manifolds of the hot spaces and that of the cold spaces. Here, the hot space manifolds include
the heater header and the parts of the heater tubes that are not exposed to the heat source. Whereas
the cooler-end connection and the parts of the cooler tubes that are not exposed to the cooling water
are considered the manifolds of the cold space. The instantaneous convective heat transfer rate in
the engine manifolds as a function of the crank angle are illustrated in Figure 8.

As mentioned by El-Ghafour et al., [1], the cycle starts when most of the fluid amount exists in
the cold space. The hot fluid continuously flows from the expansion to the compression space,
however, with small mass flow rate. This causes the observed reduction in the convective heat
transfer in the hot manifolds till about 110 °. This behavior is attributed to the direct proportional
relation between the mass flow rate, consequently the flow Reynolds number, and the convective
heat transfer rate. However, the flowing of this hot flow through the cold manifolds causes a
contradicting effect. As, a large rate of the convective heat loss in the cold manifolds is observed.
After the reversal of the flow direction, a marked increase in the convective heat transfer rate in the
hot manifolds occurs. This is due to passing of enhanced rates of the cold flow through the manifolds.

112



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 77, Issue 1 (2021) 100-123

It causes, on the other hand, a rapid decrease in the heat transfer rate in the cold manifolds. When
the flow direction is reversed again, an opposite trend of the heat transfer rate is noticed in the hot
and cold manifolds. The maximum increase in the convective heat transfer rate for the hot manifolds
occurs in the period from 225°-333°, As the slightly hot fluid flows at large mass rates from the
expansion space to the compression one. Meanwhile, this fluid loses heat at small rates in the cold

manifolds. From Figure 8, the hysteresis loss through the engine manifolds can be estimated
according to Eq. (2).

— Manifolds of Hot Space
----- Manifolds of Cold Space

Rate of heat transfer, kW

_6-.......................................n
0 45 90 135 180 225 270 315 360

Crank angle, deg
Fig. 8. Instantaneous convective heat transfer rates in the manifolds of hot
and cold spaces versus crank angle

6.1.2 Regenerator thermal loss

A schematic representation of the heat interaction between gas and solid matrix within the
regenerator during the hot and cold flow periods is shown in Figure 9.

Hot flow incoming Flow entering
from heater with H . heater withH
hi
1 = hi: Hot Flow at Inlet
. . mes 1¢: Slightly Hot Flow at Exit
Matrix Matrix

e Ce: Slightly Cold Flow at Exit

l I s ci: Cold Flow at Inlet

Flow entering Cold flow incoming
cooler with Hhe from cooler with Hci
(a) (b)

Fig. 9. Instantaneous heat transfer coefficient and flow Reynolds
number within regenerator versus crank angle

Generally, the heat exchange between the gas and the matrix within regenerator can be obtained

from the change in the enthalpy flow rate of the fluid entering and exiting the regenerator. The
instantaneous enthalpy flow rate of the fluid at a specific cross-sectional area, H*:, is determined by
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H = farea pu Cp (T) (T — Trer)dA, (10)

The instantaneous enthalpy flow rate of the gas at both ends of the regenerator, at
heater/regenerator and cooler/regenerator interfaces, along with the net rate between both ends is
shown in Figure 10. The positive values correspond to the heat transfer from the matrix to the gas
and vice versa. In this regard, the thermal heat loss through the regenerator, Q)ys,, can be
determined. It represents the cyclic integration of the instantaneous net enthalpy flow rate, Hyt,
between the two ends of the regenerator as

Qioss,r = % ﬁH.net dt (11)
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Fig. 10. Instantaneous enthalpy flow rate of gas at both sides of regenerator along with
net enthalpy flow rate between the both ends versus crank angle

This non-ideal operation of the regenerator is attributed to several imperfect issues. The
geometrical and material characteristics of the matrix as well as the time allowed for heat transfer
significantly affects the storing and recovering of heat in the regenerator. Also, the axial conduction
loss through the regenerator matrix, the convective heat loss to the walls of the regenerator housing
and the swing loss due to the temperature oscillation are other effects that cause the non-ideal
operation.

Although there are several definitions for the effectiveness of the regenerator, as mentioned
previously in section 1.2, the authors find that it is reasonable to use another definition. This is the
ratio of the enthalpy gained by the gas during the cold blow period to the maximum possible enthalpy
that could be stored in the regenerator during the hot blow period. Accordingly, the effectiveness,
€, can be calculated as

— chp(H.Ce_ H.ci) dt
" Jypp(Hpi— Hy) dt

(12)
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where CBP and HBP refer to the cold and hot blow periods, respectively. According to Eq. (11), the
effectiveness of the current regenerator equals 0.704.

6.1.3 Shuttle heat transfer and enthalpy pumping losses

Actually, the heat flow through the displacer as well as the fluid flow within the appendix gap are
considered as the most complex phenomena occurring in Stirling engines. A comprehensive
description of the fluid flow through the appendix gap over the whole cycle was presented by El-
Ghafour et al., [1]. With respect to these results, the enthalpy pumping loss through the appendix
gap can be calculated. Generally, the instantaneous enthalpy flow rate at the inlet of the appendix
gap, Hyg, can be calculated as

Hyg = 21 f;ifﬂ (PuCy(T)(T = Tyep)) rdr (13)

The instantaneous variation of the enthalpy flow rate of the gas entering the appendix gap from
the expansion space over the cycle is displayed in Figure 11. The positive values indicate the gas flow
from the expansion space to the compression one and vice versa. Also, the figure shows the pressure
difference between the expansion and compression spaces. From this figure, it is demonstrated that
the pressure difference between the expansion and compression spaces is the main driver for the
gas flow through the appendix gap. This clarifies from the matching between the two trends except
in period from 63.9° to 109.8°. Despite the increase in the pressure difference during this period, the
mass flow rate from the compression to the expansion spaces significantly decreases. This is
attributed to another parameter affecting the mass flow through this gap. The displacer direction is
reversed during this period and, hence, allowing for a gradual opening for the heater tubes to pour
the fluid within the expansion space [1]. This partially obstructs the flow induced from the
compression space to the expansion one through the appendix gap. Generally, the matching between
the enthalpy flow and the pressure difference trends confirms the prevailing of the pressure
difference effect over the other effects: axial temperature gradient, displacer motion and heat
exchange between the displacer walls and appendix gap.

The enthalpy pumping loss, Qioss,ag, is estimated from the cyclic integration of the instantaneous

enthalpy flow rate at the inlet of the appendix gap, H;g, as

. Wr .
Qloss,ag = E ¢Hag dt (14)

In order to estimate the shuttle heat loss, the instantaneous heat conduction rate at the displacer
top wall should be calculated as

. T
Qeondd = [pon — Kt a—nf lpTw dA (15)

DTW denotes to displacer top wall. The instantaneous variation of the heat conduction rate at
the displacer top wall throughout the cycle is presented in Figure 12. Hence, the shuttle heat loss,
Qshuttles €aN be determined

. oy .
Qshuttle = o 45Qcond,d dt (16)
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Fig. 11. Instantaneous enthalpy flow rate of fluid entering the appendix gap from expansion space
and pressure difference between expansion and compression spaces versus crank angle

Regarding to Figure 12, it can be demonstrated that the heat conduction rate is significantly
enhanced during the period from 90° - 180°. During this period, the hot gas coming from the heater
tubes flows into the expansion space, as noticed from the figure. Accordingly, the exposure of the
displacer top wall to this jet of hot gas during the expansion stroke of the expansion space essentially
increases the shuttle heat loss.
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Fig. 12. Instantaneous conductive heat transfer rate at top wall of the displacer versus crank angle
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6.1.4 Pumping loss

In order to estimate the pumping loss, the pressure loss in each component of the engine is firstly
calculated. Figure 13 illustrates the instantaneous variation of the pressure loss through the engine
components; heater and its header, regenerator as well as cooler and its end-connection. Here, the
pressure loss at the entrance and the exit of each component is also included. The sign indicates the
direction as the positive sign corresponds to the flow direction from the expansion space to the
compression one and vice versa.
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Fig. 13. Instantaneous pressure loss through regenerator, heater and header as well as cooler and
cooler-end connection versus crank angle

As observed from this figure, the pressure loss in the regenerator is the main contributor of the
total pressure loss within the engine. Meanwhile, it is noticeable that the pressure loss in the heater
and its header has also a significant value. This is due to the complicated design of the heater tubes
in the GPU-3 Stirling engine. Also, the pressure loss in the cooler tubes and its end-connection
represents a considerable value. These results, about the heater and cooler tubes, conflict with the
results of Babaelahi and Sayyaadi [41] and Tlili et al., [51]. The pumping loss can be calculated
according the following equation

_ |Ap|m’

Ppumping - om (17)

where py, is the mean value of the density through each component respectively.
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6.1.5 Power loss due to piston finite speed

Figure 14 displays the variations of the average pressure within the compression space, expansion
space and on the piston wall as functions of the crank angle over the cycle. From this figure, the
power delivered to the piston surface is computed as

= ()51, 00) o w9

2T

The difference between the indicated power and the piston power represents the piston finite speed
power loss.
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Fig. 14. Instantaneous variation of average pressure in compression; expansion spaces and on the
piston wall versus crank angle

6.2 Energy and Exergy Analyses of GPU-3 Stirling Engine

The p-V diagram of the expansion and the compression spaces is displayed in Figure 15.
Therefore, the indicated power, Ping, of the GPU-3 engine can be estimated according to Eq. (1).

The instantaneous variations of both the added heat rate to the heater tubes and the rejected
heat rate out of the cooler tubes are illustrated in Figure 16. Accordingly, the cyclic rate of heat
addition in the heater and the heat rejection out of the cooler can be calculated using Eq. (2).

The energy balance representation for the GPU-3 Stirling engine is shown in Figure 17(a). As
demonstrated from this balance, the regenerator thermal loss and pumping power represent the
largest part of the engine losses by about 9.2% and 7.5% of the heat input, respectively. The thermal
efficiency of the GPU-3 Stirling engine, based on the power piston, is 36.6%.

Figure 17(b) represents the exergy loss, %, within each component of the GPU-3 engine. The
engine is divided into six components: expansion space, compression space, appendix gap, heater
with its header, regenerator in addition to cooler with its end connection.

118



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 77, Issue 1 (2021) 100-123

As demonstrated from this figure, the exergy loss within the regenerator is the largest part and
represents more than one-third of the total exergy loss within engine. Accordingly, the effective
redesign for the regenerator is expected to highly increase the overall engine performance. Here, it
is worth noting the high exergy loss within the cold space, the compression space and the cooler with
its end connection, compared with the hot space. This indicates the importance of redesigning this
component as well.
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Fig. 15. p-V diagrams of expansion and compression spaces of GPU-3 Stirling engine
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7. Conclusion

A comprehensive characterization of the Stirling engine losses with the aid of the CFD approach
is presented. Firstly, a detailed description of the losses-related phenomena along with the method
of calculating each type of loss are addressed. Secondly, an energy analysis of the Stirling engine is
carried out in order to specify the impact of each type of losses on the performance. Finally, the
design effectiveness of each component of the GPU-3 Stirling engine is investigated using an exergy
analysis. The results reveal that

i.  Avoid excessively large white space borders around your graphics;

ii.  The hysteresis loss within the working spaces occurs mainly due to the impinging effect
associated with the tumble vortices released from the flow jetting during the expansion
strokes within working spaces.

iii. A new definition for the regenerator effectiveness is presented to assess the quality of the
heat storage and recovery processes. The definition takes in consideration the different type
of losses occurred in regenerator besides the time of heat interaction between the gas and
the matrix.

iv. A highly matching between the flow leakage through the appendix gap and the pressure
difference between the working spaces throughout the cycle is observed. This confirms the
prevailing of the pressure difference effect over other effects: axial temperature gradient,
displacer motion and heat exchange between the appendix gap and displacer walls.

v. The energy analysis demonstrates that the regenerator thermal loss and the pumping power
represent the largest part of the Stirling engine losses by about 9.2% and 7.5% of the heat
input, respectively.

vi.  The exergy losses within the regenerator and cold space are the largest values among the
other components by about 35.39% and 35.49%, respectively. These components need to
be redesigned.
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