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Launch vehicle thrust vector control provides vehicle steering functions during powered flight starting from liftoff

until engine cutoff. The thrust vector control on the first stage of Ares 1 provides steering during the first 133 s of

ascent, while the thrust vector control on the upper stage provides steering for the next 465 s. Heat absorption by the

hydraulic reservoir is a key factor in the performance of the upper stage thrust vector control system. A

computational fluid dynamics simulation of the fluid flow and heat transfer in the hydraulic reservoir in the Ares 1

upper stage thrust vector control has been performed with the corresponding operating conditions and

environmental conditions. The reservoir was set at 75% full of working fluid. Two steady-state cases, for fluid inlet

temperatures of 294.3 and 394.3 K, and one transient case for the fluid inlet temperature ramping from 294.3 to

352.2Kover a 4.63minperiodwere simulated. The temperature, velocity, and pressurefields, aswell as the absorbed

heat for each case, were obtained, which have improved the understanding of the thermal dynamics of the thrust

vector control subsystem.

Nomenclature

A, B, C, D = strategic positions in the reservoir shown in Fig. 1
a, b, c, d = strategic sections of the reservoir shown in Fig. 1
Ch = constant in Eq. (9)
Cpa = specific heat at constant pressure of the cooling

air, J=kgK
Cpf = specific heat at constant pressure of the working

fluid, J=kgK
D = diameter of cylindrical body, m
dt = time step, s
h = specific enthalpy of the working fluid, J=kg
�hc = average heat transfer coefficient, W=m2 K
hf;in = fluid-specific enthalpy at the inlet of the inlet tube

in the transient process, J=kg
hf;out = fluid-specific enthalpy at the outlet of the outlet

tube in the transient process, J=kg
hf;out;1 = fluid-specific enthalpy at the outlet of the outlet

tube during 0� 8 s, J=kg
hf;out;2 = fluid-specific enthalpy at the outlet of the outlet

tube during 8� 90 s, J=kg
hf;out;3 = fluid-specific enthalpy at the outlet of the outlet

tube during 90� 278 s, J=kg
ka = thermal conductivity of the cooling air, W=mK
kf = thermal conductivity of the working fluid,

W=mK

m, n = constants in Eq. (9)
_m = mass flow rate of the working fluid, kg=s
Pr = Prandtl number
Prs = Prandtl number evaluated at the wall temperature
t = time, s
U1 = air velocity to pass over the cylindrical body, m=s
�H = total absorbed heat by the reservoir during the

transient process, kJ
�f = absolute viscosity of the working fluid, Ns=m2

�� = absolute viscosity of the cooling air, N s=m2

�a = density of the cooling air, kg=m3

�f = density of the working fluid, kg=m3

I. Introduction

NASA is developing the Ares 1 rocket to serve as the new space
transportation system under the Constellation Program, which

would carry the Orion spacecraft and its crew on missions to the
International Space Station and then later on to the moon and
beyond [1].

The upper stage (US) thrust vector control (TVC) system for the
Ares 1 rocket is a critical aspect of the flight to deliver the Orion
capsule into Low Earth Orbit. During first stage operation, the US
TVC systemholds theUS engine still preventing damage.DuringUS
flight, the TVC system working in conjunction with the guidance,
navigation and control system, moves the US engine, redirecting the
thrust to keep the vehicle on the proper flight trajectory [2]. An initial
prototype of Ares 1 US TVC hydraulic system was developed by the
NASA Glenn Research Center TVC team, and tested with a single
actuator to characterize performance [3]. The TVC team has also
built a full flightlike TVC system that is undergoing testing in 2010
whichwill support a key decision point leading to the Critical Design
Review. The two hydraulic reservoirs are a key component of the
TVC system, which is located on the US thrust cone, as shown in
Fig. 2. The reservoirs provide hydraulic fluid volumes, hydraulic
pump suction pressurization, and allow for fluid thermal expansion
and heat load absorption. In view of the heat absorption by the
hydraulic reservoir being a key factor in the performance of the TVC
system, a computational fluid dynamics (CFD) simulation of the
fluid flow and heat transfer in the hydraulic reservoir in the Ares 1US
TVC has been performed with the corresponding operating condi-
tions and environmental conditions, which is beneficial to better
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understand the TVC operational performance. Two steady-state
cases and one transient case were conducted.

II. Work Conditions of the Reservoir and CFD Model

Although the hydraulic reservoir body geometry is very compli-
cated, the flow routes of the working fluid in the reservoir and the air
passing over it are simple, forming a conjugate heat transfer process.
Theworkingfluid,MIL-PRF-83282, is pumped into the reservoir via
the inlet tube, which experiences cooling by air flow of temperature
255.38 K (0�F) at normal pressure. The air passes over the reservoir
with velocity of 0:1158 m=s at 45� angle with the centerline. A
diagram of the working fluid flow route in the reservoir and the air
cooling route are shown in Fig. 1. Obviously, the working fluid is
cooled by the air in the conjugate heat transfer process between them.
As pointed out by Dorfman and Renner [4], the heat transfer
coefficient is usually determined experimentally and no well-found
theoretical approach was available until the last few decades.
However, starting from the end of the 1960s, heat transfer problems
began to be considered using a conjugate, coupled, or adjoint formul-
ation, corresponding to the problems containing two or more
subdomains with phenomena described by different differential
equations. It is this advanced modeling of convective conjugate heat
transfer problems that enables analytical solutions ofmany conjugate
heat transfer problems can be obtained and paves theway for solving
the complicated conjugate problems using numerical methods.More
and more papers studying the conjugate heat transfer, including both
relevant steady-state heat transfer [5–10] and transient heat transfer
[11–15], have been published. A comprehensive review of conjugate
problems in convective heat transfer has been made by Dorfman and
Renner [4].

To conduct a CFD simulation of the fluid flows both for the
working fluid in the reservoir and the cooling air around it, as well as
the heat transfer between the working fluid and the cooling air, a
geometric model had to be established first. The ACIS file for the

reservoir has six bodies. Each one has a complicated geometry.When
the STPfile of the reservoir three-dimensional drawingwas imported
into GAMBIT 2.4.6, six volumes with 1015 faces were identified.
Because the hydraulic reservoir is located at the thrust cone outer
surface, as shown in Fig. 2, the air flows at a varying velocity from
0:0762 m=s at a distance of 0.831 m before the reservoir to
0:1524 m=s at 0.33m after the reservoir, passing over the reservoir at
0:1158 m=s. To simulate the air flow condition a truncated elliptic
cone was built up to create a channel for the air flow passing over the
reservoir, as shown in Fig. 3. Considering the air detained in the solid
body and the flowing air passing over the reservoir in the cone
channel, two new separated volumes and three new faces were
formed. The 1018 faces were reduced to only 75 faces through the
merge operation in Gambit, and consequently, all the volumes,
except the inlet tube and the outlet tube of the reservoir, were
transferred to corresponding virtual volumes. Based on the virtual
geometry of the model, the volumes were meshed to produce
2,829,650 cells with 6,388,196 facets. To run the CFD simulation,
three-dimensional version of FLUENT 6.3.26 was used. The grid
quality is checked by both GAMBIT and FLUENT, for example, if
any grid skewness is higher than 0.9, GAMBIT would not allow
creation of the mesh file which will be read by FLUENT for the case
simulations. Even the grid quality is passed by GAMBIT. The first
step of running FLUENT will check the grid again and sooth/swap
the grids. Only qualified grids are accepted by FLUENTand allowed
to run.

To obtain high numerical accuracy, a fine mesh was created by
GAMBIT. The grid check showed that the minimum volume size
was 8:318223 � 10�11 m3 and the maximum volume size was
4:353452 � 10�5 m3, while the minimum face area was 5:287424 �
10�7 m2 and the maximum face area was 2:698065 � 10�3 m2. The
small size of the volumes and faces were created in fine parts of the
reservoir and in the vicinity of the boundaries, and size functions
were used to smooth the changes from the small sizes to the large
sizes of the volumes and faces. When conducting the simulations
using FLUENT, 3DD (double precision) version was chosen. For all
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Fig. 1 Diagram of the working fluid flow in the reservoir and the air
cooling route.
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the cases of the simulations, the second order upwind discretizations
for both momentum and energy, and PRESTO! discretization
scheme for pressure were taken. The PISO pressure-velocity
coupling was used and the following under-relaxation factors were
set: 0.1 for pressure, 1 for density, body forces, and energy, and 0.4
for momentum. The following convergence criteria were taken:
velocity residuals in all three directions are less than 10�3; energy and
continuity residuals are less than 10�6.

The simulations of the flows and heat transfer for both steady-state
cases and a transient case have been conducted. The two steady-state
cases are for the working fluid inlet temperatures being 294.3 and
394.3 K, respectively, while the transient case is for inlet temperature
of the working fluid ramping from 294.3 to 352.2 K over a 4.63 min
period.

It should be noted that in all the cases both the working fluid flow
and the cooling air flowwere laminar. The thermophysical properties
of MIL-PRF-83282 were cited from the Aerospace Hydraulic Fluids
Physical Properties in SAE AIR1362 [16]. The relevant properties,
such as density �f, specific heat cpf , thermal conductivity kf, and
viscosity �f, were arranged to the following formulas:

�f � 1031:7 � 0:65T (1)

cpf � 996:325� 3:475T (2)

kf � 266:347 � 10�3–326:316 � 10�6T (3)

�f � 2:218469 � 0:016901T � 4:489564 � 10�5T2

� 3:983979 � 10�8T3 (4)

where T is temperature in international system of units (K). The
relevant thermophysical properties of air were cited from the
handbook edited by Raznjevič [17], which were arranged as

�a � 4:219732 � 1:921319 � 10�2T � 3:813859 � 10�5T2

� 2:779753 � 10�8T3 (5)

cpa � 1097:336 � 0:6575T � 0:00125T2 � 6:205243 � 10�14T3

(6)

ka � 0:00459� 7:0 � 10�5T (7)

�a � 1:199288 � 10�4 � 1:091574 � 10�6T

� 3:749625 � 10�9T2 � 4:1250 � 10�12T3 (8)

The solid body material is aluminumwhose properties were taken as
constants: density is 2719 kg=m3, specific heat is 871 J=kgK, and
thermal conductivity is 202:4 W=mK.

III. Simulation Results

To reveal the flowfields of both the working fluid in the reservoir
and the cooling air passing over the reservoir and their effects on the
heat transfer between them, and consequently, to understand the
working condition of the reservoir at the steady states, two typical
steady-state cases have been simulated.

A. Steady-State Case 1

The working fluid is pumped into the reservoir with a flow rate of
1:3880 � 10�4 m3=s (2.2 GPM) at a pressure of 448.159 kPa
(65PSIG) and a temperature of 294.3 K. The simulation results give
the most interested parameters at the strategic positions showing in
Fig. 1, such as the tube inlet (position A), the reservoir body inlet
(position B), the reservoir body outlet (position C), and the tube
outlet (position D), which are listed in Table 1. The average specific
heat in the reservoir is 2018:43 J=kg-K, and accordingly, the total
absorbed heat by the reservoir, including the inlet and outlet tubes, is
65.9 W. It is noted that the working fluid was greatly cooled in the
inlet and outlet tubes. The reservoir body itself only absorbs 40.01W
of heat, accounting for 60.7% of the total absorbed heat. The heat
transfer from the outer cylindrical lateral wall of the reservoir to the
air is 28.6W,whose surface heat flux distribution is shown in Fig. 4a,
while the heat directly transferred from theworking fluid to the inner
cylindrical lateral wall of the reservoir is only 27.3W, whose surface
heat flux distribution is shown in Fig. 4b (the larger cylindrical
surface on the left). The heat flux difference between the outer and
inner cylindrical lateral surfaces of the reservoir is mainly created by
the axial heat conduction of the solid body, including the piston and
the lateral wall itself. More interestingly, different heat transfer
directions in the detained air chamber were observed, whose inner
cylindrical lateral surface is shown in Fig. 4b (the smaller cylindrical
surface on the right). The detail of the heat flux distribution on this
surface is shown in Fig. 4c, using a different gray scale. It can be seen
that heat is transferred from the detained air to the reservoirwall in the
top portion while from the reservoir wall to the detained air in the
bottom portion. This particular phenomenon is formed from the
combination of the complex heat conductions through the piston as
well as the lateral wall and the convection at both inner and outer

Table 1 Temperature and pressure at

strategic positions

Point _m, kg=s pg, kPa T, K

A 0.1166 448.159 294.3
B 0.1166 445.915 294.2
C 0.1166 444.782 294.1
D 0.1166 444.006 294.0

Fig. 4 Surface heat fluxes on the cylindrical lateral surfaces.
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surfaces of the cylinder wall, which can hardly be revealed by either
calculations using empirical relations or experimental tests.

According to the simulation results, the heat transferred from the
workingfluid to the cooling air directly through the cylindrical lateral
wall is only about 68.2% of the total heat absorbed by the reservoir
body, while 31.8% of the heat is transferred to the cooling air through
other paths, such as the front cover assembly, the back cover
assembly, and the central air channel.

The air passing over the reservoir produced a wake of eddies after
the reservoir, benefiting the heat transfer. It can be seen that the flow
pattern, and consequently, the temperature distribution at various
sections are different, as shown in Figs. 5a–5f, respectively. It should
be explained that the section a crosses over the front cover assembly
as shown in Fig. 1, in which the working fluid incoming-outgoing
cabinet is located. The cross-sectional geometry of the incoming-
outgoing cabinet is manifested by the lightest grayscale of the
cylinder section in Fig. 5d, which indicates the highest temperature at
this section. It is noted that the section average temperature increases
with the distance from the entrance of the working fluid, and the air
flow pattern changes, too.

As is well known, natural-convection heat transfer occurs
whenever a body is placed in air at a lower temperature than that of
the body. As a result of the temperature difference between the body
and the air, the body heats the air and decreases the density of the air
in the vicinity of the body surface. The difference in density of the air
leads to downward flow of the heavier air and upward flow of the
lighter air. The driving force of natural convection is the buoyant
effect. It is the lower average temperature in the solid cover assembly
that made less buoyant effect, as shown in Figs. 5a and 5d. Along
with increase of the section average temperature, the buoyant effect is
increased, and consequently, the wake of eddies of the cooling air
flowing over the reservoir cylindrical wall is shifted up, as shown in
Figs. 5d–5f.

Figure 6 shows the detail temperature distributions at the sections
a, b, c, and d of the reservoir, including the air channel at the center
shown in Fig. 1. The highest average temperature occurs in section d,
which is near the piston. This occurs because theworkingfluid is shot
straight onto the piston and spreads around the collision area that
creates the stronger convection in the vicinity of the piston, and then
produces the higher average temperature. It can be seen from Fig. 7a
that the working fluid entrance jet at the inlet and the outflow stream

at the outlet were formed, respectively, with the flow velocity larger
than 0:03 m=s, while in the rest of the working fluid flow velocities
were very small because the convection in the reservoir is very weak.
It is the collision of the fluid with the piston plate that created the
vortexes in the vicinity of the piston plate, as shown in Fig. 7b, and
consequently, a higher average temperature in the vicinity of the
piston was created and manifested itself in Fig. 6d, while the lower
average temperatures occur at the other sections of the reservoir, see
Figs. 6 and 8.

Asmentioned above, theworking fluid was not only cooled by the
air passing round the cylindrical lateral wall but also by the air
passing over the front cover assembly, the back cover assembly, and
detained in the air chamber and the central channel of the reservoir.
Thevariable heatfluxes at the differentwalls of the reservoirmanifest
themselves in the temperature fields of the air around the reservoir
walls both inner and outer. Figure 8 shows the temperature
distributions of the working fluid in the reservoir and the cooling air
around the reservoir in the retained air chamber and the central
channel at the section z� 0. It can be seen clearly that the maximum
heat flux occurs on the cylindrical lateral wall for the thinnest thermal
boundary while the least heat flux is in the middle of the central air
channel where the highest temperature of air occurs due to the heat
conduction without air convection there, and consequently, the least
temperature gradient is formed.

In view of no experimental data available, an estimation of heat
transfer for a cylinder in air cross flow was made. The Zukauakas
correlation [18] was used to calculate the heat transfer coefficient:

�hcD

ka
� Ch

�
U1D�a
�a

�
m

Prn
�
Pr

Prs

�
0:25

(9)

where �hc is the average heat transfer coefficient between the cylinder
body and the cooling air, D is the diameter of the cylindrical body
which was taken to be 0.23 m, equaling to the diameter of the
reservoir cylindrical body, U1 is the air velocity to pass over the
cylindrical body, which is 0:1158 m=s, Pr is the air Prandtl number
evaluated at the bulk air temperature, Prs is air Prandtl number
evaluated at the cylinder wall temperature, Ch, m, and n are the
constants. Since the Reynolds number of the air crossing over the
cylindrical body is about 2071 and Pr� 0:71, the constants should

Fig. 5 Flow patterns and temperature distributions of cooling air at various sections in steady-state case 1.
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beC� 0:26,m� 0:6, andn� 0:36, respectively [18]. Accordingly,
�hc equals 2:22 W=m2 k, and consequently, the heat transferred to the
air is about 22.3 W for the length of 0.356 m of the cylindrical body.
Comparing with the simulation result of 28.6 W for the heat transfer
from the outer cylindrical lateral wall of the reservoir to the air, it can
be seen that the results obtained both from the experimental
correlation and theCFD simulation arevery close. Consideringmany
simplifications in the estimation of heat transfer using the Zukauakas
correlation were taken, it is reasonable to consider the simulation
result more closely coincides with the practical situation.

B. Steady-State Case 2

When inlet temperature of the working fluid is maintained at
394.3 K, the cooling air flow pattern and temperature distribution are
different from the ones in case 1, as shown in Fig. 9. At the same time
the working fluid also largely changes its flow pattern and temper-
ature distribution, as shown in Fig. 10. Obviously, the fluid convec-
tion at the both sides of the reservoir wall is greatly strengthened,

mainly by buoyancy effects. As a result, the temperature distributions
at the sections a, b, c, and d show quite different characteristics from
those in case 1, as seen in Fig. 11. Comparing Figs. 6 and 11, it can be
seen that at section a, most portions of the lowest temperature region
is replaced by higher temperature regions, while at sections b, c, and
d, the overwhelming majority of the highest temperature regions
have become moderate temperature regions except at the working
fluid entrance.

The total absorbed heat by the reservoir, including the inlet and
outlet tubes, is 343.8 W, while the reservoir body itself absorbs
288.8Wof heat, accounting for 84.0%of the total absorbed heat. The
increase of percentage of the absorbed heat in the reservoir body,
from 60.7 to 84%, is attributed to the enhanced buoyancy effects both
in the working fluid and in the cooling air. It is expected that the
higher theworking fluid temperature, the higher percentage of heat is
absorbed by the reservoir body.

It is interesting to note that the heat absorbed by the portion of the
cylindrical sidewall directly contacting theworking fluid is 161.4W,
while the total heat transfer into the air through the whole cylindrical

Fig. 6 Temperature distributions at the strategic cross sections in case 1.

Fig. 7 Velocity vectors of working fluid in the reservoir in case 1.
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side wall is only 154.8 W. It indicates that more heat is transferred to
the front cover assembly and piston through heat conduction and then
transferred to the cooling air. Only 53.6% of the absorbed heat by the
reservoir body is transferred to the cooling air through the cylindrical
side wall, while 46.4% of the heat is transferred to the cooling air
through the front cover assembly, the back cover assembly, and the
central air channel. In other words, the percentage of heat transfer
through the cylindrical side wall greatly decreases while more of the
heat is transferred through the front and back cover assemblies and
the central air channel when theworking fluid temperature increases.
Obviously, these heat transfer characteristics are quite different from
those in case 1.

C. Transient Case

A simulation of a transient case was performed to obtain
information on the total absorbed heat by the reservoir (including
inlet and outlet tubes)when theflow inlet temperature is ramped from
294.3 to 352.2 K (70 to 174.3 F) over 4.63 min at the flow rate of
1:3880 � 10�4 m3=s (2.2 GPM).

Fig. 9 Flow patterns and temperature distributions of cooling air in case 2.

Fig. 10 Velocity vectors of working fluid and temperature distribution at the section z� 0 in case 2.

Fig. 8 Temperature distributions of the working fluid and the cooling

air at the section of z� 0 m in case 1.
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The simulation started from the converged steady-state case 1 and
ended when the inlet temperature reached 352.2 K at a flow time of
278 s. During this transient process, the buoyancy effects continually
increase. Consequently, the flowpatterns of theworking fluid and the
cooling air as well as the heat transfer performance were changing
from those in the steady-state case 1 towards those in the steady-state
case 2.

The convergence history of the working fluid enthalpy shows that
the inlet mass-weighted average enthalpy increases linearly with
time during the whole process, while the outlet mass-weighted
average enthalpy does not change for thefirst 8 s and then nonlinearly
increases until about 90 s, as shown in Fig. 12. After 90 s, the outlet
enthalpy increase becomes almost linear. The total absorbed heat
during this process can be calculated by

�H�
Z

8

0

_m�hf;in � hf;out	 dt�
Z

90

8

_m�hf;in � hf;out	 dt

�
Z

278

90

_m�hf;in � hf;out	 dt (10)

The fluid enthalpy at the inlet over the entire flow time range of 0 to
278 s can be expressed as

hf;in ��7798:9� 437:617t (11)

while the fluid enthalpy at the outlet can be expressed by three
formulas:

hf;out;1 ��8365:4 for 0 s 
 t < 8 s (12)

hf;out;2 ��9081:130� 74:5365t� 595:6884 � 10�3t2

� 8:6709 � 10�3t3 for 8 s 
 t < 90 s (13)

hf;out;2 � 8848:1� 391:120t for 90 s 
 t 
 278 s (14)

It should be noted that the working fluid is pumped into the
reservoir at a constant volume rate, therefore, the mass flow rate

changes with time as the density changes with temperature. The total
enthalpy entering into the reservoir per second is _mhf;in, which can
be expressed as a linear equation of timewithin theflow time range of
0 to 278 s:

_mhf;in ��909:742� 49:335t (15)

while the total enthalpy exiting from the reservoir per second can be
expressed as

_mhf;out;1 ��975:824� 0:1569t for 0 s: 
 t < 8 s (16)

_mhf;out;2 ��1079:019� 13:449t � 64:55 � 10�3t2

� 1:9323 � 10�3t3 for 8 s: 
 T < 90 s (17)

Fig. 11 Temperature distributions at the strategic cross sections in case 2.
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_mhf;out;3 ��2682:516� 41:108t for 90 s: 
 t 
 278 s (18)

Upon substitution of Eqs. (15–18) in Eq. (10), it gives

�H � 2:102� 142:053� 617:870� 762:025 �kJ� (19)

IV. Discussion

CFD simulation was successfully applied to estimate and analyze
theflowandheat transfer at both sides of the reservoirwalls. It reveals
that for different inlet temperatures of the working fluid, the flow
convection patterns and heat transfer performances at both sides of
the reservoir walls are dissimilar for the various effects of buoyancy.
The simulation can also provide the individual amounts of heat
transferred through various assemblies, and consequently, estimate
the percentages of heat transferred through the individual portions of
the reservoir.

When the reservoir isfilled partially, say 75% full ofworkingfluid,
a particular heat transfer phenomenon may occur in the detained air
chamber; the heat is transferred from the detained air to the reservoir
wall in the top portionwhile from the reservoirwall to the detained air
in the bottom portion, as described in the steady-state case 1.

As for the special transient case of inlet temperature ramping from
a given temperature to another given temperature over a certain time
period, the simulation can also provide the relevant parameter history
and then estimate the accumulated amount of the parameters through
integrations.

None of these unique functions can be realized by either
calculations using empirical relations or experimental tests.

V. Conclusions

For the laminar flows, when inlet temperature of the working fluid
ismaintained at a low level, say 294.3K, the buoyancy effects at both
sides of the reservoirwalls are not dominant in theflows. However, at
a higher inlet temperature of the working fluid, say 394.3 K, this
greatly changes both flow patterns and heat transfer performance of
the working fluid and the cooling air around the reservoir due to the
stronger buoyancy effects.

For the case of lower inlet temperature of theworkingfluid, greater
amount of the absorbed heat by the reservoir is transferred through
the cylindrical sidewall, while for the case of higher inlet temperature
of the working fluid, the percentage of the absorbed heat transferred
through the cylindrical side wall of the reservoir greatly decreases,
while a larger portion of heat is transferred through the front and back
cover assemblies and the central air channel.

For the transient case of the inlet temperature of the working fluid
ramping from 294.3 to 352.2 K over 278 s at the flow rate of
1:3880 � 10�4 m3=s, the mass-weighted average enthalpy of the
working fluid at the inlet increases linearly during thewhole process,
while at the outlet theworking fluidmass-weighted average enthalpy
does not change in the first 8 s, then nonlinearly increases until 90 s.
After 90 s, the increase becomes linear. The total accumulated heat
transferred into the cooling air can be calculated through the sum of
the enthalpy difference integrations over the three time intervals.
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