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ABSTRACT 

This paper represents description of determination of TsNIS-1620 pump head and 
torque characteristics of the integral thermophysical test facility PSB-VVER, obtained for 
single-phase coolant. Test procedure and main results obtained are described in the paper.  

1 INTRODUCTION 

Main circulation pumps (MCP) is one of the basic elements of primary side of the 
pressurized water installations and particularly VVER-1000 type reactors. Hydraulic 
properties of the pumps specify accident progress in many accident situations. 

Four similar MCPs are installed in four circulation loops of the PSB-VVER integral 
thermohydraulic test facility of total pressure simulating VVER-1000 reactor with volumetric 
scale 1:300 and elevation 1:1, as well as in the prototype. 

Now the PSB-VVER test facility is the most representative integral test facility 
furnishing experimental data for validation of thermohydraulic codes with reference to 
VVER-1000. An important part in calculations is correct application of hydraulic 
characteristics of pumps in the calculation code. 

Usually determination of pump characteristics requires the creation of a special test 
facility allowing to vary flow rates within wide range through a tested pump both in direct 
and reverse directions at different MCP rotation speed both in direct and reverse rotating 
sense. Construction of such facility for TsNIS-1620 pumps requires considerable capital 
outlays.  

Peculiarity of this work is the fact of determination of pump characteristics in a single-
phase flow directly in PSB-VVER test facility. Detailed description of the investigation 
results is presented in report [1]. 

2 BRIEF DESCRIPTION OF TsNIS-1620 PUMP 

TsNIS-1620 pumps are used as MCPs in the test facility. PSB-VVER has four 
circulation loops and each of them is equipped with a similar pump. Control valves located in 
cold legs of all circulation loops between the pumps and downcomer, provide a means to 
change hydraulic resistance of circulation loops and, consequently, to change coolant flow 
rate through the loops. It should be noted that the valves are of subsidiary importance and 
usually are not used in the experiments (they are completely in open state), the flow rate in 
the circulation loops is controlled by changing of pump speed.  
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TsNIS-1620 pumps were designed and manufactured by Research Center “Energonasos 
TsKBM”, St. Petersburg, especially for the PSB-VVER test facility. Basic characteristics of 
the pump under nominal conditions are presented in Table 1.  

Table 1: Basic characteristics of pump TsNIS-1620 under nominal conditions  

Name of parameters Value 
Pumped medium Water, water-steam mixture and 

steam 
Volumetric flow rate (Q), m3/h 100 
Head (H), m 163 
Pump inlet temperature, °С 
 nominal 
 permissible 

 
290 
335 

Pump inlet pressure, MPa 
 nominal 
 permissible 

 
16 
20 

Rotation speed (synchronous frequency) (n), rpm 3000 

3 FOUR-QUADRANT CHARACTERISTICS 

Under NPP accident the MCPs may be in different conditions. Coolant flow rate range 
through the pump and MCP rotor speed may possess different values both in positive and 
negative regions.  

VVER-1000 MCP rotors are protected from rotation in reverse direction with special 
locking mechanism. However theoretically it is possible to have the situation of this locking 
mechanism failure or its break with a large coolant flow at a large leak. Therefore the case of 
reverse rotation of pumps is also considered in analysis of pump characteristics.  

Circulation pump characteristics are usually represented as so called four-quadrant head 
and torque curves as a function of rotation speed and volumetric flow rate. As an example 
Figure 1 represents four-quadrant head and torque curves of the main circulation pump of 
American integral test facility Semiscale [2] simulating PWR reactor. In addition to rotation 
speed and volumetric flow rate another independent variable head of either torque which 
generate lines of constant head or torque respectively, is represented in four-quadrant 
diagrams.  

Four quadrants produced with diagram axes are well seen in the figures. First quadrant 
has positive rate and positive rotation speed and is called the pump normal operation zone. 
Second quadrant has negative rate at positive rotation speed and is called the pump dissipative 
operation zone. In the third quadrant both volumetric flow rate and rotation speed are 
negative - zone of turbine pump operation. In the fourth quadrant at negative rotation speed 
the volumetric flow rate is positive – zone of the reverse operation of the pump.  

The mode of the nominal pump operation through which the line of constant value of 
volumetric flow rate/rotation speed relation (Q/N) is going, is marked with a circle with cross 
in Figure 1. All pump modes related to variation of rotation frequency in conditions of 
constant network resistant and deficiency of other sources of flow rate, are on this line since 
the pump volumetric flow rate is directly proportional to rotation frequency. The constant 
relation curve (Q/N) and its mirror image about the ordinate axis separates four quadrants into 
eight octanes.  

Each octane has its own name of three letters (for instance HAN or BVT). First letter 
shows relation of the octane to a four-quadrant characteristic: H – to head characteristic, B – 
to the torque characteristic. The last letter shows the quadrant to which the octane relates to: 
N – Normal, D – Dissipation, T – Turbine, R – Reverse. Meaning of middle letter A or V will 
be explained later on analyzing homologous characteristics.  

Four-quadrant characteristics describe exhaustively hydraulic properties of circulation 
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pumps in various steady states in single-phase condition of the coolant and are urgent in order 
to calculate reactor emergency conditions by means of the system thermohydraulic codes.  

 

 
Figure 1: Four-quadrant head and torque characteristics of the Semiscale test facility 

pump  

Four-quadrant characteristic drawback is their unhandiness. In this case the calculation 
code requires the introduction of large tables with three-dimensional interpolation, that is very 
inconvenient and results in work delay of the calculation code.  

In up-to-date calculation codes this situation is overcome owing to transformation of 
four-quadrant characteristics into homologous. In this case each octane of four-quadrant 
characteristics complies with one homologous curve plotted in nondimensional coordinates.  

4 HOMOLOGOUS CHARACTERISTICS 

Transformation of four-quadrant characteristics into homologous curves is based on the 
analysis of dimensionalities using the similarity theory [2, 3].  

Homology conditions are the conditions for which relative flow rate, relative head and 
relative rotating moment are equal. To develop homologous curves the head, volumetric flow 
rate, rotation speed and torque are transferred to the dimensionless form producing relevant 
dimensionless parameters: h = H/HR, v = Q/QR, α = N/NR, β = τ/τR, where parameters with 
index R relates to the reference condition of the pumps (rated values). Then the data are 
drawn in coordinates of homologous parameters: h/α2 of v/α, h/v2 of α/v and β/α2 of v/α, 
β/v2 of α/v.  

It should be noted that homologous characteristics are useful do more than for compact 
representation of data for calculation codes but also simplify significantly the work on 
experimental determination of four-quadrant characteristics of pumps. Based upon relatively 
not large number of modes the curves for each octane are available, thus avoiding routine 
work on determination of head and rotating moment for a wide range of flow rates and 
rotating speeds. 
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5 EXPERIMENTAL DETERMINATION OF TSNIS-1620 PUMP 
CHARACTERISTICS 

5.1 Mode-1. Synchronous variation of MCP rotating speed and closing of control 
valves  

On performing the tests of Mode-1 the primary coolant parameters were changed within 
the range as follows: pressure 4.1 – 9.2 MPa, temperature 28 – 54°С. Coolant density changes 
by 1.5% at the most and so strict maintenance of constant pressure and temperature were not 
emphasized. It should be also noted that at nominal pressure 15.7 MPa the coolant density 
differs from the density specified in the mode by 1.5% at the most as well.  

The modes were executed in the following sequence. With full-opened valves  
YA(01-04)S03, located on the pump head of each loop, coolant mass flow rates equal to 1.0 
kg/s were specified by means of variation of MCP rotating speed. Then each valve was closed 
by 8 – 10 % and registration of parameters was performed. In this case equal mass flow rate 
values in all loops were tried to specify without change of MCP rotating speed. This 
procedure was continued as far as full closing of the valves.  

Procedure for measuring flow-head characteristics of the pumps was repeated at other 
MCP rotating speeds corresponding to mass flow rates 2, 3, 4, 5, 6 and 8 kg/s at full-opened 
valves.  

Figure 2 represents test data in homologous view. In the same figure full homologous 
curves of TsNIS-1620 pumps are represented with firm lines for comparison. Full 
homologous curves developed based upon the set of the results obtained from experimental 
regimes described below.  

It is seen from the figure that the data of repeated regimes with synchronous variation of 
MCP rotation speed cover partially octanes HAN and HVN. 

 
5.2 Mode-2. One MCP speed-down 

These experimental Mode is a set of steady-state conditions obtained by means of step-
by-step change of MCP-1 rotation speed at maintaining steady rotation speed of other three 
MCPs. Reduction of MCP-1 rotation speed results in reduction of its counteract to remainder 
three pumps. At a certain rotation speed the reversal of circulation is occurred in Loop 1, and 
the pump is in dissipative operation mode, which is characterized by negative values of flow 
rates through the pump at positive values of MCP rotation speed.  

It is seen from Figure 2 that regions HAN, HAD and HVD and a part of HVN are 
“covered” practically completely in performing this regimes.  

 
5.3 Mode-3. Speed-down of one MCP operating in the reverse mode 

These experimental Mode are similar to Mode-2 with the exception that MCP-1 rotor 
rotated astern. When MCP running in reverse regime the head is also positive and accordingly 
the flow rate in this loop has positive value in the absence of additional flow rate sources in 
the loop. 

On performing the second stage flow rate through MCP-1 changes within wide ranges. 
With high rotation speed in the reverse direction the flow rate through the pump has positive 
value, regimes are within the HAR region (Figure 2). As far as rotation speed reduction the 
flow rate decreases and consequently value v/α approaches to zero. At certain rotation speed a 
circulation reversal in the loop is taken place, and then the regimes are in the turbine area 
HAT. Then as far as further rotation speed reduction the regimes are transferred to HVT area.  
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Figure 2: Head homologous curves of TsNIS pump for Modes 1 – 6 

5.4 Mode-4. Variation of reverse flow rate through stopped MCP 

These regimes were implemented at stopped MCP-1. Rotation speed of the remainder 
three MCPs was changed synchronously within the range 1500 – 2000 rpm. MPC-1 rotation 
speed remained zero for all conditions.  

Figure 2 shows regimes with change of reverse flow rate through the stopped MCP. All 
conditions obtained have the same homologous characteristic and the same homologous 
coordinate α/v = 0. These regimes belong to the turbine region – octane HVT.  

 
5.5 Mode-5. Natural circulation of coolant 

In natural circulation (NC) modes the pumps were switched off, rotation speed of the 
rotor was zero. The coolant flew through the pumps under NC moving head action. To obtain 
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various flow rates through MCPs the moving NC head was changed by means of the core 
model power and pressure variation in the SG secondary side. Consequently, three steady 
state conditions of NC were produced with values of NC mass flow rates 1.15, 1.35 and 1.45 
kg/s.  

Then more four NC modes were obtained with similar power on the core model – 1400 
kW. To increase flow rate through Loop1 in SG-1 there was set pressure 3.5 MPa while 
pressure in the remainder three SGs was 8 MPa. Regimes differ from each other with the state 
of control valves on pump head. In one regime all valves were opened, in another the valve in 
loop 3 was closed, in the third regime – in loops 2 and 3 and in the fourth regime – in loops 2, 
3 and 4. Following that the mass flow rates through MCP-1 possessed values as follows: 1.97, 
2.00, 2.11 and 2.17 kg/s, respectively.  

Figure 2 depicts regimes with natural circulation flow rate through MCP-1. All regimes 
produced, as it was in the previous case, have the same homologous coordinate α/v = 0. These 
regimes belong to the reverse region - octane HVR.  

It is seen from the picture that in the case of regimes with NC the pump head has 
negative values.  

 
5.6 Mode-6. Low rotation speed of one MCP under large moving NC head conditions 

Objective of the experiment is to determine MCP characteristics under additional 
positive flow rate conditions. In this case natural circulation moving head is a source of 
additional flow rate. MCP-1 rotation speed had minimum likely values in order to express 
more evident the influence of additional flow rate.  

Three regimes were implemented. For all regimes core power was 1200 kW, SG-1 
pressure – 3.5 MPa, SG-2, 3 and 4 pressure - 8 MPa, control valves in Loops 2, 3 and 4 were 
closed. Regimes differed from each other with MCP-1 rotor speed only: 77, 130 and 195 rpm.  

As it is seen from Figure 2 modes with low rotation speed of one MCP, under condition 
of large NC moving head, “cover” the bottom part of curve HVN, however negative values of 
MCP head were not reached in the regimes.  

 
5.7 Mode-7. Synchronous change of MCP rotation speeds and closing of control valves 

at reverse operation of the pumps 

These experimental modes are completely similar only that the pumps were running in 
the reversible mode to Mode-1.  

Modes with synchronous change of MCP rotation speed and closing of control valves at 
reverse running of the pumps are represented in Figure 3. These conditions “cover” a part of 
HAR octane of reverse region.  

 
5.8 Mode-8. Reverse running of one MCP 

The regimes were implemented at running the only one pump. Characteristics were 
obtained for the four pumps. As it was in the case of forward rotation direction the 
characteristics of the four pumps are close to each other, so the data of one pump – MCP-1, 
are given.  

The regimes are as follows. At full-opened valves in all circulation loops only MCP-1 
was activated in reverse mode and steady state conditions were fixed for various rotational 
speeds. Rotational speed varies from 215 up to 950 rpm.  

Reverse conditions of one MCP (Figure 3) as previous modes are in HAR region, they 
have only higher values α/v . 
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Figure 3: Head homologous curves of TsNIS pump for Modes 7 – 10 
 

5.9 Mode-9. Additional water supply to MCP intake 

Only one pump (MCP-1) was running during these modes. In addition to the circulation 
available in the loop, complementary water was supplied to the pump intake from the 
independent source that was feed water header with pressure 17 MPa. Supply of additional 
flow rate was controlled by means of the control valve installed in the drain line connected to 
the pump head line. 

The regimes were implemented in the sequence as follows: MCP-1 rotation speed was 
set to 500 rpm. Complementary water supply system was connected and mass flow rate 1 kg/s 
was set. This steady state was registered. Then MCP rotation speed was reduced in steps up to 
its complete deenergizing. Steady state condition at each stage was also registered. Then 
again MCP-1 rotation speed was set to 500 rpm, and mass rate for 1.4 kg/s (maximum 
available for this system) was set in the additional water supply line and the MCP-1 stepdown 
procedure was repeated.  

Modes with additional water supply for MCP intake are in area HVN, in the lower part 
of homologous curve (Figure 3). With complete deenergizing of the pump, when the rotor 
doesn’t rotate (α/v = 0), negative value of the pump head was registered (h/v2 < 0).  

 
5.10 Mode-10. Additional water supply to intake of MCP running in reverse mode 

These tests are similar to the Mode-9 except for that MCP was run in the reverse mode.  
Regimes of additional water supply to intake of MCP running in the reversible mode, 

are in the HVR area and cover it practically complete (Figure 3). With low rotation speed of 
the rotor the negative value of the pump head (h/v2 < 0) was registered.  
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5.11 Summary of determination of the pump head characteristics 

Figure 4 represents all above regimes in homologous view. Regimes with positive 
rotation speed of the rotor are triangular-marked, and with negative – circle-marked. On the 
strength of all experimental data homologous head curves demonstrated as firm lines in the 
diagram were developed. It is seen from Figure 4 that despite the fact that the regimes were 
implemented in essentially different conditions: on MCP rotation speed, on flow rate through 
the pump and on temperature mode, nevertheless, the spread of values obtained is not large.  

Figure 5 represents a full four-quadrant head characteristic of TsNIS-1620 pump for 
single-phase flow reproduced from homologous characteristics.  

Consequently for TsNIS-1620 pump it was managed to determine a complete four-
quadrant characteristic for the single-phase coolant in the PSB-VVER test facility directly.  
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Figure 4: Homologous head characteristics of TsNIS-1620 pumps in single-phase flow 
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Figure 5: Four-quadrant head characteristics of TsNIS-1620 in single-phase region 
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6 DETERMINATION OF PUMP TORQUE CHARACTERISTICS 

Now the following procedure for direct measuring of rotational moment of gland pumps 
is widely used. A prototype of the pump tested with a special movable housing is prepared. 
That makes it possible to measure directly torque affecting the housing that equals to the shaft 
torque.  

For the glandless pump that is TsNIS-1620 pump this approach is not available. Under 
these conditions direct measurement of rotational moment on the motor shaft is not 
acceptable. Therefore a special procedure allowing measuring torque on the shaft, based upon 
electrical power supplied to the pump motor and considering both electrical and mechanical 
losses in the pump, has been developed [1].  

This procedure is applicable for normal rotating sense. Under reverse rotating sense 
friction torque can change by another way. For today test data on friction torque of TsNIS-
1620 pump under reverse conditions are absent. That is why as a first approximation it can be 
accepted that it will be equal to friction torque under normal rotating sense.  

Another limitation of the procedure is that electrical losses are calculated for loading 
condition of pump motor running, but in the generator mode the characteristics can be 
distorted.  

Developed procedure was implemented under carrying out of Mode-2 – regimes with 
speed-down of one MCP at constant rotation speed of other MCPs and against analogy with 
the head homologous characteristics cover four octanes of torque homologous characteristic 
of TsNIS-1620 (Figure 6). These conditions determine completely octanes BAN, BAD and 
BVD and partially BVN.  
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Figure 6: Homologous torque characteristics of TsNIS-1620 pumps in single-phase 
flow 

7 METHODS OF EXPERIMENTAL DETERMINATION OF TSNIS-1620 
CHARACTERISTICS IN TWO-PHASE FLOW 

At present two-phase TcNIS-1620 characteristics are not known. Construction of a 
special test facility to solve the problem is not expected due to financial reasons. However it 
is the paper authors’ opinion that TsNIS-1620 characteristics in two-phase region can be 
obtained experimentally on PSB-VVER test facility immediately.  
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The experiments are expected to perform using additional system connected to Loop 1. 
The system will ensure the preparation and supply of steam on the pump head or intake and, 
accordingly, drainage of steam-water mix from the pump opposite side. At that the primary 
circuit should be filled with hot subcooled water. Using the scheme two-phase coolant is 
supplied to the pump with the required void fraction value. At that coolant flow rate is 
determined based upon the measurement of water flow rate circulating in Loop 1 and steam 
flow rate supplied to the loop. To provide a single-phase condition of the coolant going 
through the flow gauge in the circulation loop, basic steam mass from the primary circuit is 
expected to drain through the line connected to the top piece of UP and residual steam taken 
with the coolant flow is expected to condense by means of SGs.  

This method of determination of TsNIS-1620 two-phase characteristics is seemed to be 
practicable from the technical point of view. From the financial point of view its profit is 
obvious as well. Since now the requester of this work has not been defined yet so the activity 
on determination of TsNIS-1620 two-phase characteristics is not performed.  

8 CONCLUSION 

This paper dedicates to the experimental determination of four-quadrant characteristics 
of the PSB-VVER pumps – TsNIS-1620 for a single-phase flow.  

The feature of this activity is the fact that the PSB-VVER test facility is not adapted for 
determination of four-quadrant characteristics of the pumps by the classical method when 
variation of flow rate through the pump is performed and variation of rotation speed within 
wide range both in forward and reversal directions. To overcome the difficulty there were 
developed procedures of the tests in the course of which the pumps are in various steady state 
conditions relevant to different areas of homologous curves.  

In the result of performance of 10 types of tests the eight octanes of homologous head 
characteristics of the pumps for single-phase coolant flow have been determined. Based upon 
the homologous head characteristic obtained the complete four-quadrant head characteristic 
of TsNIS-1620 has been established.  

Determination of torque homologous characteristic for a glandless pump, that is TsNIS-
1620, is a very complicated task. Nevertheless, it has been solved partially for this pump. 
Homologous torque curves for four octanes relevant to positive pump rotation speed have 
been obtained.  

In addition the paper represents a short discussion on the possibility to determine two-
phase characteristics of TsNIS-1620 in the PSB-VVER test facility directly.  

REFERENCES 

[1] I.V. Elkin, I.A. Lipatov, A.I. Antonova, S.M. Nikonov, G.I. Dremin, A.V. Kapustin, 
Single-Phase Performance Characteristics of the PSB-VVER Pump, FSUE "EREC" 
Report 2.702, Electrogorsk, 2004.  

[2] The RELAP5 Code Development Team, RELAP5/MOD3 Code Manual, NUREG/CR-
5535 (INEL-95/0174), Volume II, Idaho National Engineering Laboratory, Idaho Falls, 
Idaho (June 1995).  

[3] The RELAP5 Code Development Team, RELAP5/MOD3 Code Manual, NUREG/CR-
5535 (INEL-95/0174), Volume I, Idaho National Engineering Laboratory, Idaho Falls, 
Idaho (June 1995).  


