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THERMAL AND HYDRAULIC CALCULATION
OF ADELTA 125 STEAM GENERATOR FOR A POWER
UNIT WITH AN AP1000 REACTOR

M. I'anayan, 1. Canazop. TenoriapasiiuHuii po3paxyHok maporeneparopy tuny Delta 125 nis1 eHeprod/ioky 3 peakTopom
AP1000. Enepro6moxu AP1000 MaroTh BeNuKi epeBary nepes Momy sIpHUMU B YKpaiHi eHeprooaokaMu 3 peakropamu tuiry BBEP-1000.
BoHM OCHaIlCHI MACHBHUMH CHCTEMaMH OC3HEKH, SIKi JO3BOJSIOTH 3HAYHO 3MCHIIMTH PU3HKH TEXHOTCHHHX aBapiil, HaBiTh 3a yMOB
eKCTpeMaJIbHUX 30BHINIHIX BIUMBIB. KpiM Toro, ixHsi KOHCTpYKLis 3a0e3ledye 3HAYHy EKOHOMIIO pecypciB miJa vac OyJiBHHMITBA Ta
ekcrutyatanii. BrnpoBamkenns peaktopiB AP1000 € He nuine KpOKOM 10 BIJIHOBJIGHHS €HEPreTUYHOTO MOTEHIIaly KpaiHu, ane i
CTpATEriYHO0 IHBECTULIEI0 Y MailOyTHE. Y IbOMY KOHTEKCTI TEIUIOTIIpaBIiYHUI po3paxyHOK naporeHepatopa Delta 125, sikuii € kiirouoBUM
KoMIoHeHTOM eHeprodsoka AP1000, € Haj3BHYaHHO aKTyaJbHUM 1 BaXJIMBHM Ul OOIPYHTYBAHHS IOLUIBHOCTI BUKOPHCTAHHS TaKHX
YCTaHOBOK B yMOBax YKpaiHCBhKOi eHeprocucTeMu. IIpoBe/ieHO MOpIBHSIBHMIT aHAIT3 BEPTUKAIBHUX Ta TOPH30HTAIBHUX TApOreHEPaTopiB.
Onucano naporenepatop Delta 125 Ta #0oro mpuHIMIIOBY TEIUIOBY cXeMy. BUKOHaHO TEIUIOTiqpaBIIiuHINA PO3PAXyHOK: BU3HAYCHO TEIIOBY
MOTYXHICTh €KOHOMaW3epHOI Ta BHITAPHOI [UUISHKH, BUTPATH TEIUIOHOCIs, moOymoBaHo (t-Q)-Iiarpamy mnaporeneparopa, po3paxoBaHO
TOBIIMHY CTIHOK TpyO TeIUIONepeNarouoi MOBEPXHI Ta JNOBXHHA TPYyO, Koe(illieHT Teromnepeaadi, MIIOMA TEIUIONepearoyoi NOBEpXHi
€KOHOMaif3epHOi Ta BHMIApPHOI IUITHKH, Macy TpyO maporeHepaTopa, BU3HAYECHO TiApaBIIUHMK OMIp MEPIIOro Ta APYroro KOHTYPIB,
JIOCTATHICTH MTAPOBOTO MPOCTOPY JUIS CEmapallii mapy, JKalro3iiiHuil cenapaTop, po3Mipn Ta Maca OCHOBHHUX BY3IIiB koprycy. Po3paxoBaHo
BapTICTh MapOreHepaTopa, pO3paxyHKOBI BUTPATHU Ta 3aJEKHICTh NPUBEACHUX BUTPAT BiJ LIBUAKOCTI TEINIOHOCIS.

Kniouosi cnosa: po3paxyHok naporenepartopa Delta 125, AEC 3 AP1000

M. Galatsan, I. Salahor Thermal and hydraulic calculation of a Delta 125 steam generator for a power unit with an AP1000
reactor. AP1000 power units have great advantages over VVVER-1000 power units which are popular in Ukraine. They are equipped with
passive safety systems that significantly reduce the risks of man-made accidents, even under conditions of extreme external influences. In
addition, their design provides significant resource savings during construction and operation. The introduction of AP1000 reactors is not
only a step towards restoring the country's energy potential, but also a strategic investment in the future. In this context, the thermal-
hydraulic calculation of the Delta 125 steam generator, which is a key component of the AP1000 power unit, is extremely relevant and
important to justify the feasibility of using such units in the Ukrainian power system. A comparative analysis of vertical and horizontal steam
generators is carried out. The Delta 125 steam generator and its basic thermal scheme are described. The following thermal-hydraulic
calculation was performed: the heat output of the economizer and evaporator sections, the coolant flow rate, the (t-Q)-diagram of the steam
generator, the thickness of the walls of the heat transfer surface pipes and the length of the evaporator section pipes, and the heat transfer
coefficient were calculated, the heat transfer surface area of the economizer and evaporator sections, the length and weight of the steam
generator pipes, the hydraulic resistance of the first and second circuits, the sufficiency of the steam space for steam separation, the louver
separator, the dimensions and weight of the main components of the body were determined. The cost of the steam generator, the estimated
costs, and the dependence of the reduced costs on the coolant velocity were calculated.

Keywords: spindle, calculation of the Delta 125 steam generator, NPP with AP1000

Introduction

The brutal war in Ukraine has resulted in significant losses in the energy sector, creating numer-
ous and extremely complex challenges for the country’s overall energy stability. Intense combat op-
erations have damaged or even completely destroyed a number of thermal power plants [1], leading to
a serious reduction in electricity generation and affecting the operation of industrial enterprises, resi-
dential complexes, and critical infrastructure facilities. Moreover, the strategically important location
and control of the Zaporizhzhia Nuclear Power Plant (ZNPP), the largest nuclear facility in
Ukraine [2], further complicate the situation by introducing a range of technical, safety, and political
challenges related to ensuring uninterrupted energy supply.

In this context, where energy security issues have become particularly pressing, the government
and the country’s leading experts are focusing their efforts on restoring Ukraine’s energy potential and
strengthening its energy independence. One of the key strategic directions is the development and im-
plementation of modern technologies that will not only restore the lost capacity but also ensure a high
level of reliability and efficiency in the future. Among such innovative projects is the construction of
new power units at the Khmelnytskyi Nuclear Power Plant, including fourth-generation reactors based
on Westinghouse technology of the AP1000 type [3].
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It is important to note that the implementation of this project is accompanied by extensive re-
search and engineering work, among which the thermal-hydraulic calculation of the Delta 125 steam
generator occupies a special place. This calculation is critically important for the AP1000 power unit,
as it provides accurate modeling of heat exchange, enables the optimization of system performance,
and guarantees the safe operation of the power unit under complex operating conditions. Through the
implementation of such advanced technologies and systems, Ukraine has every opportunity not only to
restore its energy capacities but also to make a significant contribution to ensuring the country’s ener-
gy independence and sustainable development in the long term.

Analysis of recent publications and problem statement

An analysis of the available literature shows that modern research in the field of thermal hydrau-
lics is focused on detailing the operation of various steam generators [4]. However, despite the large
number of scientific papers on this topic, publicly available information on the design features and
operational characteristics of the Delta 125 steam generator is extremely limited. This is due both to
commercial confidentiality and to the specific technological solutions used in the development of this
equipment.

This lack of information creates significant difficulties in conducting a comprehensive analysis
and calculation of thermal-hydraulic processes, as building a reliable mathematical model requires
access to all key parameters and design solutions. Given the prospects for deploying this type of steam
generator in Ukraine [5] at new nuclear power plants, this work has special scientific and practical
value. It will not only allow for a deeper understanding of the principles of the steam generator’s oper-
ation but also contribute to the development of effective computational models for assessing its ther-
mal and hydraulic characteristics, as well as for estimating its cost.

Thus, the relevance of this research is underscored by the need to fill the information gap that ex-
ists in open sources and to ensure the safe and economically efficient operation of new-generation nu-
clear facilities.

The aim of this work is to perform a thermal-hydraulic calculation of the Delta 125 steam gen-
erator for a nuclear power plant with an AP1000 reactor and to compare vertical and horizontal steam
generators.

To achieve this aim, the following tasks are set:

— to analyze vertical and horizontal steam generators;

— to perform a thermal calculation;

— to perform a hydraulic calculation;

— to calculate the cost of the steam generator;

— to compare the efficiency of the heat exchange surface of vertical and horizontal steam generators.

Comparative analysis of vertical and horizontal steam generators

There are two main types of steam generators — vertical and horizontal [6] — that have been in
operation for over 50 years. During this extended period, a vast amount of practical experience has
been accumulated, which has made it possible to identify a number of problems, drawbacks, and char-
acteristic features of each of these types. This, in turn, has led to continuous improvement and mod-
ernization of design solutions.

Horizontal steam generators have several advantages over vertical ones that enhance the opera-
tional efficiency and safety of the plant. Among these advantages are the following [7, 8]:

1) moderate steam load, which is usually lower than that of vertical steam generators. this allows
for steam separation to be achieved solely by gravity and the use of a baffle-type separator, which en-
sures effective separation of water droplets from the steam;

2) availability of a sufficient reserve of water in the secondary circuit. this reserve is extremely
important in emergency situations, such as a loss of feedwater to the reactor, as it allows for rapid
cooling of the reactor and prevents overheating;

3) stepwise evaporation method, which helps maintain normal — that is, permissible — concentra-
tions of substances in critical areas of the unit. this helps prevent corrosive effects, as the evaporation
process is continuously adjusted to ensure optimal distribution of the coolant;

4) horizontal arrangement of the heat exchange surface (Fig. 1), which ensures reliable natural
circulation. this arrangement promotes uniform temperature distribution inside the unit, positively af-
fecting the efficiency of the heat transfer process;
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5) reduced scheduled maintenance requirements due to
design solutions that allow for easy disconnection of the col-
lectors from the circulation pipeline. this makes it possible to
carry out repair work on several steam generators simultane-
ously, which contributes to an increased capacity utilization
factor and ensures continuous reactor operation.

Vertical steam generators also exhibit a number of sig-
nificant advantages that allow them to compete with their hor-
izontal counterparts, thanks to their long history of use and the
evolution of design solutions over the past fifty years. Fig. 1. Horizontal steam generator

Vertical steam generators, such as the Delta 125 model,  pGV-1000 of the WWER-1000 reactor
have a number of unique characteristics that contribute to their
efficiency:

1. Vertical steam generators are characterized by significantly lower con-
struction costs and occupy considerably less space. According to comparative
data, horizontal steam generators used at modern nuclear power plants with
VVER-type reactors occupy, on average, an area four times greater than that
required to accommodate two delta 125 steam generators at an AP1000 plant,
while demonstrating higher specific capacity [9]. This fact indicates the eco-
nomic feasibility of using vertical designs, which reduce both capital expendi-
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tures and the space requirements for installation. the design features of the ' |
vertical steam generator’s shell also offer advantages: the wall thickness in kil
these models is, on average, 1.7 times less than that of steam generators used !

in vver reactors [10]. Reducing wall thickness not only lowers the overall
weight of the structure but also positively impacts the cost-effectiveness of

production and operation, which is an important factor in the development of T
new models; %\ z
2. Vertical steam generators are characterized by significantly longer LAY

heat transfer tubes. According to the data, the difference is approximately 20
meters for vertical models (Fig. 2), compared to 12.5 meters for horizontal Fig. 2. Example of heat
models. this increases the heat exchange surface area [10]; exchange tubes in

3. One of the key advantages of vertical steam generators is the absence vertical steam

. . . generators Delta 125
of stagnant zones in the working space. In the design of such steam genera-
tors, these zones are virtually nonexistent, which eliminates the risk of local
accumulation of coolant or steam. in comparison, horizontal steam generators typically have stagnant
zones located near the bottom nozzles, which can affect the uniformity of heat transfer and reduce the
overall efficiency of the unit [9];

4. A two-stage separation system is used, which achieves a higher degree of steam drying than in
horizontal steam generators [9];

5. The design of the vertical steam generator allows for preheating and thus an increased average
temperature differential in the system, which is crucial for achieving high steam parameters — that is,
the steam generator pressure can be increased by 0.4 MPa. Such zoning in vertical steam generators is
unique because horizontal counterparts cannot effectively separate the single-phase zone, which limits
their performance [11].

Vertical steam generators show great promise in the development of nuclear energy thanks to their
advantages: thermal efficiency, compactness, and the ability to operate at elevated steam parameters.

At the same time, horizontal steam generators remain a reliable choice for traditional nuclear
power plants, especially in conditions where ease of maintenance, reliability in crisis situations, and
time-tested technical solutions play a key role.

Analysis of the heat transfer surface efficiency of vertical and horizontal steam generators

The efficiency of the heat transfer surface is an extremely important indicator that determines not
only the performance of thermal power systems but also affects the overall economic benefit of their
use. This indicator is influenced by many factors, such as the number of tubes, their material, heat
transfer surface area, tube diameter, tube length, and others.
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As seen from the information in Table 1, vertical steam generators are characterized by significant-
ly longer tubes than horizontal ones — the tube length in vertical steam generators is almost twice that of
horizontal ones. This aspect contributes to greater contact between the coolant and the tube surface.

Table 1
Parameters of the heat transfer surface of the two steam generators PGV-1000 and Delta 125
Parameter/Steam Generator PGV-1000 x 2 Delta 125
Name Project [9] Project Estimated
Thermal Power, MW 1500 1707.5 1707.5
Number of Tubes 22000 10025 10233
Heat transfer surface area, m? 12230 11477 10936.06
Tube Material 08X18H10T Inconel 690-TT
Tube Diameter, mm 16 17.5
Average tube length, m 11.1 20.823 | 20.63

The heat transfer surface area directly depends on a number of characteristics and design parame-
ters of the steam generator, which together create optimal conditions for efficient heat exchange. It
should be noted that every detail — from the arrangement of the tubes to their geometric parameters —
plays a decisive role in shaping the overall efficiency of the steam generator.

One of the key factors affecting heat transfer is the method of tube arrangement in the steam gen-
erator, since it determines not only the surface area available for heat exchange but also the hydraulic
resistance that occurs when the coolant flows inside the system. In vertical steam generators, the tubes
are installed vertically, which ensures optimal and natural separation of the water and steam phases.
Such vertical separation ensures a more uniform and efficient contact between the coolant and the tube
surface, which, in turn, improves the heat transfer process.

On the other hand, in horizontal steam generators, the design features of tube arrangement often
create additional challenges. Due to the horizontal arrangement of the tubes, a phenomenon often re-
ferred to as “steam plugs” may occur. These plugs impede the normal flow of the working fluid, re-
duce the efficiency of heat transfer, and increase the hydraulic resistance, negatively affecting the
overall performance of the steam generator. Thus, while horizontal steam generators demonstrate cer-
tain advantages in other design aspects, these features of tube arrangement create additional challenges
for maximizing the efficiency of the heat transfer surface.

If we focus exclusively on the number of tubes and the heat transfer surface area, it can be noted
that two horizontal PGV-1000 steam generators have 22000 tubes, which together provide a heat
transfer surface area of 12230 m2. In comparison, the vertical Delta 125 steam generator has 10233
tubes, but here the heat transfer surface area is 11477 m2. Based on these data, one can determine the
efficiency of the heat transfer surface. The results of this calculation are presented in Table 2.

Table 2
Efficiency of the heat transfer surface
Parameter PGV-1000 x 2 [9] Delta 125
Heat power, MW 1500 1707.5
Heat transfer surface area, m? 12230 10936.06
Specific heat power of heat transfer surface (efficiency MW/m?2) 0.1226 0.1561 (+27%)

Vertical steam generators have a 27% higher heat exchange surface efficiency during boiling on
vertical tubes compared to horizontal steam generators. This is due to the higher heat transfer coeffi-
cient during boiling on vertical tubes. When comparing the PGV-1000 and the Delta 125, the heat
transfer coefficient a1 is 34149 versus 38794 (W/m2xK), a difference of 13.6%, while the overall
heat transfer coefficient k” is 6053 versus 7660 (W/m2xK), a difference of 20.9%.

Calculation of the Delta 125 Steam Generator

The Delta 125 steam generator is a vertical steam generator (Fig. 3). The core of its design con-
sists of U-shaped tubes made from high-grade nickel-chromium-iron alloy Inconel 690-TT, which
provides excellent resistance to corrosion and high-temperature stress. The tubes are arranged in a tri-
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angular pitch, which promotes uniform heat distribution
and reduces local overheating. This, in turn, ensures
enhanced heat transfer efficiency and operational stabil-
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— Steam parameters: P,=5.76 MPa; t;’ = t; = 272.8 °C; of the AP1000 Reactor

— Feedwater temperature: treq = 226.7 °C;

— Circulation ratio: K. = 3.7 [3].

To initiate the thermal calculation of the steam generator, the thermal power of the economizer
and evaporator zones was determined—this being one of the key stages in analyzing the performance of
thermal equipment.

During the determination of thermal power, the main thermodynamic parameters were used, par-
ticularly enthalpies obtained from the properties of water and steam [12]. The parameters identified
include the enthalpy of saturated steam, feedwater, specific steam generation, and the enthalpies at the
inlet and outlet of the coolant from the steam generator.

The next stage of the calculation involved determining the coolant flow rate using the thermal
balance equation of the steam generator. This calculation allows for the determination of the amount
of coolant required to ensure the specified thermal power. Based on the obtained data, a (t-Q)-diagram
of the steam generator was constructed, illustrating the dependence of the temperature regime on the
thermal load.

This diagram is shown in Fig. 4.
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Fig. 4. t—Q diagram of the steam generator

The heat exchange tubes are made of Inconel 690 alloy steel, while the shell elements are made
of carbon steel.

The next step involved determining the heat exchange surface area and the length of the tubes in
the evaporator section. At a selected coolant velocity of 5.25 m/s (the actual and optimal velocity), the
thermophysical properties of water at t;" and P; were determined, as well as the thermal resistance of
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heat transfer, which is a critical parameter for analyzing heat exchange efficiency within the steam
generator. The specific heat flux — a key indicator of heat transfer intensity — was also calculated.

Additionally, the heat transfer coefficient was determined using the formula for longitudinal
flow, which enables the assessment of heat exchange efficiency in the system, and the length of the
heat exchange tubes was calculated.

The calculation results showed that the heat exchange surface area is 10936.06 m2. Moreover, the
total length of the steam generator tubes reached 366704 meters, and the length of a single tube was
established at 20.63 meters. Finally, the total tube mass was calculated to be 128 tonnes.

The hydraulic calculation begins with a series of calculations related to the hydraulic resistances
of both the first and the second circuits. For this, the input data were used, including the coolant densi-
ty values: pun’=655.11 kg/m?® at temperature t,'=324.7°C, piu” =751.34 kg/m?3 at temperature
t1"=279.4 °C, as well as the average value p1avg = 707.89 kg/m3, obtained at the average steam genera-
tor temperature tiavg=302.05 °C.

These data were supplemented with information on the absolute roughness of the Inconel 690
surface, which was assumed to be k=0.01 mm, and the operating pressure, which was
P1=15.513 MPa.

The calculation determined the pressure losses in the primary circuit coolant loop, which
amounted to 63463 Pa, as well as in the working medium circuit, where the pressure losses reached
217824 Pa.

In addition, the calculation included determining the evaporation mirror surface area, which
amounted to 21.763 m2.

The final stage of this calculation was determining the mass of individual parts of the steam generator.
During the work, calculations were carried out for various structural elements, in particular, the mass of the
upper shell was determined to be 166.5 tonnes, and the mass of the lower shell — 133.7 tonnes.

In addition, the mass of the upper elliptical vessel head was calculated to be 3.7 tonnes, and the
mass of the lower elliptical vessel bottom — 3.2 tonnes. To this dataset was added the calculation of the
mass of other parts of the steam generator, which amounted to 262.7 tonnes.

Further calculations made it possible to determine the cost of each group of components based on
their mass indicators. As a result, it was established that the cost of the vessel amounts to 173 million
USD, the tube bundle — 50 million USD, and other parts of the steam generator are estimated at 146
million USD. According to our calculations, the cost of the steam generator is 369 million USD.

Conclusions

The thermal-hydraulic calculation of the Delta 125 steam generator has been completed, and the
calculated data coincide with the actual design characteristics of the steam generator with an error of
no more than 4.95%.

The advantages and disadvantages of vertical and horizontal steam generators have been ana-
lyzed. In comparison, it was determined that vertical SGs have a 27% higher specific heat exchange
surface power. This is explained by a 13.6% higher heat transfer coefficient during boiling on vertical
tubes than on horizontal ones, and a 20.9% higher overall heat transfer coefficient.
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