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To address the drawbacks of the conventional hydraulic method in pump efficiency testing, 

such as the large number of measured parameters and the complexity of the measurement 

system, this paper derives practical calculation models based on thermodynamic theory, 

namely the temperature-difference method and the pressure-difference method. The 

proposed models are validated through engineering case studies; the experimental data are 

processed by regression analysis using the least-squares method, and the model uncertainty 

is evaluated in accordance with the International Organization for Standardization (ISO) 

Guide to the Expression of Uncertainty in Measurement (GUM) standard. The validation 

results show that the thermodynamic temperature-difference model requires only a few 

measurement parameters, all of which are easy to obtain, whereas the thermodynamic 

pressure-difference model—by measuring the differential pressure between the pump inlet 

and outlet instead of the temperature difference—effectively circumvents the difficulty of 

measuring minute temperature differences. The thermodynamic pressure-difference 

method yields reliable test results and fully meets the engineering accuracy requirements 

for on-site pump efficiency testing, which is of great significance for the accurate 

measurement of pump efficiency in engineering practice. 
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1. INTRODUCTION

As a fluid machine widely used in industrial and agricultural 

applications, the accurate assessment of pump operating 

efficiency is important for reducing energy consumption and 

maintaining efficient system operation. In hydraulic systems, 

pump pressure, flow rate, and power are closely coupled with 

operating conditions and constitute fundamental parameters 

for performance regulation and energy utilization [1]. 

Accurate determination of pump efficiency is therefore a 

prerequisite for identifying energy-saving opportunities. At 

present, there are mainly two methods for testing pump 

efficiency: the hydraulic method (traditional method) and the 

thermodynamic method. The main difference between the two 

methods is that the hydraulic method needs to directly measure 

the pump flow rate, and then calculate the pump efficiency by 

using a formula, and the prediction accuracy of the pump 

efficiency depends on the accuracy of the flow measurement; 

the thermodynamic method, on the contrary, does not need to 

directly measure the pump flow rate, and can directly measure 

the pump efficiency, and then back-calculate the pump flow 

rate from the shaft power of the pump, thereby obtaining the 

performance parameters of the pump [2, 3]. 

The theory of the thermodynamic method was proposed as 

early as the 1960s [4-6], but constrained by the extreme 

requirement for the measurement accuracy of temperature 

difference (millikelvin level), its large-scale engineering 

application was not gradually carried out until the last ten 

years or so. Thorne and Neal [7] published a study on the 

independent evaluation of the thermodynamic method, 

summarized the practical guidelines and the temperature probe 

calibration procedures of the direct thermodynamic method, 

and identified the consistency of the method and the problems 

to be studied through a series of field comparison tests; the 

Korean scholar Bae et al. [8] verified the consistency between 

the thermodynamic method and the classical hydraulic method 

through precise comparison experiments, confirming the 

reliability of this method for pump performance assessment; 

Clifford [9] systematically developed a long-term high-

precision differential thermometer set for industrial 

environments, and achieved a measurement accuracy of 0.29 

mK in a throttling calorimeter; Ye et al. [10] proposed an 

optimized thermodynamic efficiency measurement method 

adapted to pump-turbines, and completed comparison tests at 

several pumped storage power stations; Patil [11] applied the 

thermodynamic theory to other liquid machines; Li et al. [12] 

introduced entropy production analysis into the loss 

identification of hydraulic machines for the first time, and 

subsequent studies have widely applied it to centrifugal 

pumps, pump-turbines, multi-stage pumps and other 

equipment. The above studies are mostly limited to specific 

equipment or laboratory comparisons and therefore provide 
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limited guidance for standardized field assessment across 

different operating environments. More generally, engineering 

energy systems require clearly defined and comparable 

performance indicators if technical performance is to be 

evaluated consistently across operating conditions [13]. In 

view of these limitations, it is necessary to establish a 

thermodynamic-method-based pump efficiency measurement 

framework that considers both measurement accuracy and 

engineering practicability, so as to fill the gap between the 

sophisticated theory and the complex industrial field, and to 

provide a strong technical guarantee for the energy saving, 

consumption reduction and safe operation of pump systems. 

 

 

2. ANALYSIS OF THE ADVANTAGES AND 

DISADVANTAGES OF THE TWO TEST METHODS 

 

2.1 Hydraulic method 

 

The hydraulic method is a method in which instruments and 

meters are used to directly measure the performance 

parameters of the pump, such as flow rate, head and shaft 

power, and then these parameters are substituted into Eq. (1) 

for calculation. It is the standard method for pump 

performance testing. In order to ensure that accurate results 

can be obtained under any pump test conditions, a series of 

industrial standards have been formulated, among which the 

most important ones include American National Standards 

Institute (ANSI)/Hydraulic Institute (HI) 14.6-2022, 

American Society of Mechanical Engineers (ASME) 

Performance Test Code (PTC) 8.2-2021 and Guo Biao 

(GB)/Tuijian (T) 20043-2005. 

The calculation formula of pump efficiency by the hydraulic 

method is as follows: 

 

100%
gQH

P


 =   (1) 

 

where: 

η — efficiency of the pump; 

ρ — density of water; 

H — head of the pump; 

Q — flow rate; 

P — shaft power. 

 

 
 

Figure 1. Arrangement of the ultrasonic flowmeter in the 

hydraulic method 

 

Flow measurement is the most important part in pump 

efficiency testing. The flow rate is mainly measured by a 

portable ultrasonic flowmeter (as shown in Figure 1) or an 

electromagnetic flowmeter installed in the pump station (as 

shown in Figure 2). Both types of measuring equipment have 

high requirements on the field test conditions, and factors such 

as turbulence, air, or bubbles generated by cavitation will 

significantly affect the accuracy of flow measurement. For 

flowmeters arranged upstream and downstream, a sufficiently 

long straight pipe section is required. If the flow measurement 

equipment is arranged by using the own conditions of a pump 

station with inlet and outlet flow passages of relatively 

complex shape, it is difficult to satisfy the conditions of 

uniform flow or gradually varied flow of the cross-sectional 

velocity, and thus the test accuracy will be affected [14-16]. In 

addition, the flowmeters in pump stations are mostly installed 

on the common pipe or the main pipe, so when other pumps 

are running at the same time, it is usually impossible to carry 

out the performance test of a single pump, and it is difficult for 

most pumps to meet the conditions of high-precision flow 

measurement [17-19]. 

 

 
 

Figure 2. Electromagnetic flowmeter on the pump pipeline 

 

2.2 Thermodynamic method 

 

The basic principle of the thermodynamic method is that 

when the water flows through the pump, friction is generated 

between the water and the flow passage, and at the same time, 

friction, eddy and impact are also generated inside the water 

flow, thus causing mechanical energy loss of the water flow. 

If the heat exchange between the water flow and the outside 

and the acoustic energy loss are not taken into account, 

according to the law of energy conservation and conversion, 

all this mechanical energy will be converted into heat energy, 

which raises the temperature of the water flow at the pump 

outlet. That is, a temperature difference is generated between 

the inlet and outlet of the pump, and the specific enthalpy of 

the water flow changes; by measuring and calculating this 

enthalpy difference, the hydraulic efficiency of the pump can 

be calculated. Since the thermodynamic method measures the 

loss item which accounts for a very small proportion of the 

total energy of the pump, the measurement result has very high 

accuracy, and it is designated as one of the precision-grade test 

means in the international standard Deutsches Institut für 

Normung (DIN) European Norm (EN) International 

Organization for Standardization (ISO) 5198. However, the 

measurement of the thermodynamic method requires 

temperature probes with long-term stability, high precision 

and high sensitivity, and the application of the thermodynamic 

method in the field of pump measurement is not yet common. 

The efficiency test by the thermodynamic method is simple 

and easy to carry out, but the accuracy of the temperature 

difference measurement has a great influence on the pump 

efficiency. For example, if the efficiency of the pump is 50%, 

in order to ensure that the efficiency error of the measurement 

result does not exceed 1%, when the water temperature is 

160 ℃ and the pump head is 17.5 MPa, the maximum 

allowable temperature error is 0.17 ℃; and when the water 

temperature is 20 ℃ and the pump head is 0.8 MPa, the 

maximum allowable temperature error is 0.0023 ℃. 
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Therefore, the measurement of the small temperature 

difference between the inlet and outlet of the pump has, to a 

certain extent, hindered the popularization and application of 

the thermodynamic method for measuring pump efficiency, 

especially the application on pumps at normal temperature and 

normal pressure [20]. 

At present, the temperature difference resolution of the 

laboratory-grade precision temperature difference measuring 

instrument can reach 0.0001 ℃, which is generally suitable for 

small temperature difference experiments in the laboratory 

environment, and the instrument is expensive. Therefore, it is 

very necessary to study a method that does not need to measure 

the temperature difference and can still apply the 

thermodynamic theory to test the pump efficiency. 

 

 

3. DERIVATION OF THE THERMODYNAMIC 

CALCULATION MODEL FOR PUMP EFFICIENCY 

TESTING 

 

3.1 Thermodynamic temperature-difference method 

 

According to the thermodynamic steady flow energy 

equation, the pump efficiency calculation formula (1) can be 

changed into: 

 

2 1

2 1( ) '

sh h

h h e


−
=

− + 
 (2) 

 

where, 

η — efficiency of the pump; 

h₂ₛ — specific enthalpy at the pump outlet under the ideal 

state (isentropic process); 

h₁ — specific enthalpy at the pump inlet in the actual non-

isentropic compression process; 

h₂ — specific enthalpy at the pump outlet in the actual non-

isentropic compression process; 

Δ𝑒′ — the part of the heat energy converted from various 

losses that is not absorbed by the liquid. 

According to the thermodynamic theory, the calculation 

formula of the enthalpy change under the ideal state (isentropic 

process) is as shown in Eq. (3), and the calculation formula of 

the enthalpy change under the actual non-isentropic state is as 

shown in Eq. (4). 

 

2 1 2 1( )sh h v p p− = −  (3) 

 

where, 

𝑣̅ — mean specific volume of water; 

𝑝2 − 𝑝1 — pressure difference between the inlet and outlet 

of the pump. 

 

2 1 2 1 2 1( ) ( )ph h a p p C T T− = − + −  (4) 

 

where, 

𝑎̅ — coefficient of compressibility of water, which is called 

the isentropic factor in the international standard; 

𝐶𝑝̅ — mean specific heat capacity of water; 

𝑇2 − 𝑇1  — temperature difference between the inlet and 

outlet of the pump. 

Substituting Eqs. (3) and (4) into Eq. (2), the basic 

mathematical model for testing the pump efficiency by the 

thermodynamic method can be obtained as follows: 

2 1

2 1 2 1

( )

( ) ( ) 'p

v p p

a p p C T T e


−
=

− + − +
 (5) 

 

According to different objects and needs, different 

simplifications and calculations can be carried out on Eq. (5). 

Dividing the numerator and the denominator of Eq. (5) by 

𝑣̅(𝑝2 − 𝑝1) at the same time, Eq. (6) is obtained. 

 

2 1

2 1 2 1

1

( ) '

( ) ( )

pC T Ta e

v v p p v p p

 =
− 

+ +
− −

 
(6) 

 

Because the pump head 𝐻 =
𝑣̅(𝑝2−𝑝1)

𝑔
, Eq. (6) can be 

changed into: 

 

2 1

1

( ) 'pC T T ea

v gH

 =
− +

+

 
(7) 

 

Under different pressures and different temperatures, the 

pump efficiency can all be calculated according to the above 

equation. Taking the case of 1 standard atmospheric pressure 

and a water temperature of 20 ℃ as an example, it is found 

from the tables that: 𝐶𝑝̅ = 4186 J/(kg·K), 𝑣̅ = 0.001002 m³/kg, 

𝑎̅ = 9.39 × 10⁻⁴ m³/kg, g = 9.81 m/s². Substituting these into 

Eq. (7) gives: 

 

1

426.7 '
0.937

g

T e

H H

 =
 

+ +

 
(8) 

 

where, 

Δ𝑇 — temperature difference between the outlet and inlet 

of the pump; 

H — head of the pump. 

Δ𝑒′ is mainly the bearing and shaft seal friction losses and 

the heat dissipation loss of the pump casing, and the proportion 

of the losses is usually less than 1%. In general engineering 

applications, item Δ𝑒′ can be neglected, and then the above 

equation can be simplified as: 

 

1

426.7
0.937

T

H

 =


+

 
(9) 

 

3.2 Thermodynamic pressure-difference method 
 

In order to solve the problem of the difficult measurement 

of the small temperature difference between the inlet and 

outlet of the pump, some researchers have adopted the partial 

expansion method and the zero temperature-difference method 

[20]. These two methods do not directly measure the small 

temperature difference between the inlet and outlet of the 

pump, but use the pressure loss caused by the pressure 

reducing device installed in the pressure measuring pipeline, 

which corresponds to the temperature rise, for measurement. 

Specifically, a sampling water flow is extracted at the pump 

inlet, and an expansion valve is set between the sampling 

pipeline and the remaining measuring components, so that the 

temperature of the water flow rises to the pump outlet 
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temperature after passing through the expansion valve. In this 

way, in the denominator of the pump efficiency calculation Eq. 

(5), item 𝐶𝑝̅(𝑇2 − 𝑇1) becomes zero, and the pressure at this 

time 𝑝11  is measured by a pressure sensor with sufficient 

accuracy, and item 𝑎̅(𝑝2 − 𝑝1) in the denominator of Eq. (5) 

becomes 𝑎̅(𝑝2 − 𝑝11) , so that the efficiency value can be 

determined, and its expression is as follows: 

 

2 1

2 11

( )

( ) '

v p p

a p p e


−
=

− +
 (10) 

 

The partial expansion method and the zero temperature-

difference method can carry out the measurement and achieve 

a very high accuracy under the condition that the temperature 

difference between the inlet and outlet of the pump is very 

small, but the actual measurement process is relatively 

complicated, and the measuring pipeline cannot work in an 

environment lower than the atmospheric pressure, so there are 

few engineering applications. However, according to the 

design concept of the zero temperature-difference method, the 

temperature difference Δ𝑇 in Eq. (8) can be expressed in the 

form of pressure and pressure difference, namely: 

 

1

2

1

426.7
0.937

n m

a

p p

H p p





=
   

+    
  

 
(11) 

 

where, 

𝑝1 — absolute pressure at the inlet of the pump; 

𝑝2 — absolute pressure at the outlet of the pump; 

Δ𝑝 — pressure difference between the outlet and inlet of the 

pump; 

𝑝𝑎 — atmospheric pressure; 

𝜇 — coefficient, taken as 1.01; 

m, n — exponents. 

According to Karassik et al. [21], m = 0.75-1, n = 1.75-2. 

Using pressure measurement instead of temperature 

difference measurement not only avoids the technical and cost 

problems of small temperature difference measurement, but 

also has a small time-lag coefficient and a fast response of 

pressure measurement, which is beneficial to the on-line 

testing of pump efficiency. The thermodynamic pressure-

difference method test system for pump efficiency is simpler, 

and the test process is more convenient, and it is a simple and 

practical water efficiency test model. 
 

 

4. ENGINEERING CASE VALIDATION AND MODEL 

ACCURACY ANALYSIS 
 

4.1 Main technical indicators of the test equipment 
 

In order to verify the scientificity and engineering 

applicability of the efficiency calculation model of the 

thermodynamic pressure-difference method, two clean water 

centrifugal pumps with different power levels were selected 

for performance tests under variable operating conditions. The 

measurement schematic diagram is shown in Figure 3. 

(1) Pressure test equipment 

The inlet and outlet pressure test of the pump adopts the 

Rosemount 3051S pressure transmitter, and the main technical 

parameters are as follows: 

Stability: ± 0.2% of the upper range limit value (10 years) 

Reference accuracy: ± 0.025% of the span 

Range ratio: 200:1 

Measuring range: differential pressure measurement 2000 

psi (137.89 bar), gauge pressure measurement 2000 psig 

(137.89 bar), absolute pressure measurement 4000 psia 

(275.79 bar) 

(2) Temperature test equipment 

The inlet and outlet pressure test of the pump adopts the 

Anton-Paar MKT-50 precision temperature measuring 

instrument, and the main technical parameters are as follows: 

Measuring range: temperature −260 ℃ to +962 ℃ 

Resolution: 0.0001 ℃ 

Measurement uncertainty: temperature < 1 mK (Pt 100) 

Temperature sensor: Pt 100 or Pt 25.5 

Measuring time: 1.44 s (two channels) 

Ambient temperature for use: 0 ℃ to 35 ℃ (the 

recommended temperature for the highest accuracy is 20 ℃ to 

25 ℃). 
 

 
 

Figure 3. Schematic diagram of the pump efficiency test 

 

4.2 Case 1: Small centrifugal pump 

 

The test was carried out under the environment of a local 

atmospheric pressure of 101.2 kPa and a temperature of 20 ℃, 

and the performance test was carried out on an IS80-50-315 

clean water centrifugal pump. Under the design condition, the 

flow rate Q of this pump is 50 m³/h, the head H is 125 m, the 

rated rotational speed is 2900 r/min, and the shaft power P is 

31.5 kW. 

In the test, the inlet and outlet water temperature difference, 

pressure and shaft power parameters at 5 different flow rates 

were measured respectively, and the original data are shown 

in Table 1. 

 

Table 1. Original test data of the IS80-50-315 clean water 

centrifugal pump 
 

Parameter Name / 

Unit 

Flow Rate/m³·h-1 

23.5 27.9 35.7 51.8 60.1 

Inlet and outlet water 

temperature 

difference/℃ 

0.452 0.398 0.322 0.248 0.235 

Inlet vacuum/kPa 36.1 39.8 45.9 54.9 56.3 

Inlet absolute 

pressure/kPa 
65.1 61.4 55.3 46.3 44.9 

Outlet gauge 

pressure/kPa 
1301.2 1252.3 1183.4 1162.1 1002.3 

Outlet absolute 

pressure/kPa 
1402.4 1353.5 1284.6 1263.3 1103.5 

Inlet and outlet absolute 

pressure difference/kPa 
1337.3 1292.1 1229.3 1217.0 1058.6 

Head/m 132.6 131.9 128.3 125.2 101.6 

Shaft power/kW 20.4 22.3 25.6 31.6 33.2 

 

Substituting m = 0.75 and n = 1.75 into Eq. (11), the 

efficiency by the pressure-difference method was calculated 

and compared with the efficiency by the temperature-
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difference method. According to the original test data in Table 

1, the calculated values of the pump efficiency calculated 

respectively by the hydraulic method, the thermodynamic 

temperature-difference method and the thermodynamic 

pressure-difference method are shown in Table 2, and the data 

results in Table 2 are plotted in Figure 4. 

 

Table 2. Calculation results of the pump efficiency of the IS80-50-315 clean water centrifugal pump 

 

Calculation Method 
Flow Rate/m³·h-1 

Remark 
23.5 27.9 35.7 51.8 60.1 

Efficiency by the hydraulic method/% 41.58 44.92 48.71 55.87 50.10 Calculated by Eq. (1) 

Efficiency by the thermodynamic temperature-difference method/% 41.81 44.95 49.80 56.11 51.98 Calculated by Eq. (9) 

Efficiency by the thermodynamic pressure-difference method/% 41.91 44.38 48.41 55.90 51.85 Calculated by Eq. (11) 

 

 
 

Figure 4. Pump efficiency values of the IS80-50-315 clean water centrifugal pump calculated by the three methods 

 

Table 3. Original test data of the IS125-100-315 clean water centrifugal pump 

 

Parameter Name / Unit 
Flow Rate/m³·h-1 

82.3 119.2 159.1 199.8 224.0 

Inlet and outlet water temperature difference/℃ 0.431 0.278 0.189 0.124 0.136 

Inlet vacuum/kPa 38.9 50.8 60.8 70.4 68.0 

Inlet absolute pressure/kPa 62.3 50.4 40.4 30.8 33.2 

Outlet gauge pressure/kPa 1283.1 1269.3 1194.6 1159.8 1010.7 

Outlet absolute pressure/kPa 1384.3 1370.5 1295.8 1261.0 1111.9 

Inlet and outlet absolute pressure difference/kPa 1322.0 1320.1 1255.4 1230.2  1078.7 

Head/m 134.9 134.7 128.1 121.5 106.3 

Shaft power/kW 70.1 81.2 88.7 93.7 97.2 

 

Table 4. Calculation results of the pump efficiency of the IS125-100-315 clean water centrifugal pump 

 

Calculation Method 
Flow Rate/m³·h-1 

Remark 
82.3 119.2 159.1 199.8 224.0 

Efficiency by the hydraulic method/% 43.11 53.83 62.55 70.53 66.69 Calculated by Eq. (1) 

Efficiency by the thermodynamic temperature-difference method/% 43.47 55.02 63.83 72.86 67.43 Calculated by Eq. (9) 

Efficiency by the thermodynamic pressure-difference method/% 44.29 53.89 62.66 72.93 66.64 Calculated by Eq. (11) 

 

 
 

Figure 5. Pump efficiency values of the IS125-100-315 clean water centrifugal pump calculated by the three methods 
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4.3 Case 2: Large centrifugal pump 

 

In order to further verify the generalization ability of the 

model on high-power pumps, under the same environmental 

conditions as those in Case 1, a performance test was carried 

out on an IS125-100-315 clean water centrifugal pump. Under 

the design condition of this pump, the flow rate Q = 200 m³/h, 

the head H = 125 m, the rated rotational speed is 2900 r/min, 

and the shaft power P = 90.8 kW. In the test, the test data at 5 

different flow rates were measured, and the original data are 

shown in Table 3. 

Similarly, taking m = 0.75 and n = 1.75, the efficiency by 

the pressure-difference method under each operating condition 

of Case 2 was calculated by using Eq. (11), and the results are 

shown in Table 4. The data results in Table 4 are plotted in 

Figure 5. 

 

4.4 Regression analysis of the model parameters based on 

the least-squares method 

 

In order to further verify the rationality of the values of the 

empirical exponents m and n in Eq. (11), in this section, based 

on a total of 10 sets of test data from the two engineering cases, 

the least-squares method is used to carry out the parameter 

identification of the model. 

(1) Goodness of fit 

Eq. (11) is a nonlinear function. In order to facilitate the 

solution by the least-squares method, the natural logarithm is 

taken on both sides of it for linearization: 

 

 

1

2

1 426.7
ln 0.937 ln

                      ln ln
a

H

p p
n m

p p





   
− =   

  

   
+ +   

  

 (12) 

 

Let 𝑌 = ln (
1

𝜂
− 0.937) − ln (

426.7𝜇

𝐻
) , the independent 

variables 𝑋1 = ln (
𝑝1

𝑝𝑎
) , 𝑋2 = ln (

𝛥𝑝

𝑝2
) , then Eq. (12) can be 

simplified as: 

 

1 2Y nX mX = + +  (13) 

 

where, 

𝜀 — random error. 

Taking the efficiency by the thermodynamic temperature-

difference method as the true efficiency and substituting it into 

the calculation, in the calculation, atmospheric pressure 𝑝𝑎 is 

taken as 101.2 kPa and coefficient 𝜇 is taken as 1.01. It can be 

obtained by calculation that: m = 0.772, n = 1.768, the 

regression sum of squares (SSR) is 2.4738, the residual sum of 

squares (SSE) is 0.0471, the total sum of squares (SST) is 

2.5209, and the goodness of fit R² is 0.981, which indicates 

that the goodness of fit is extremely high. 

(2) Residual distribution diagnosis 

Substituting m = 0.772 and n = 1.768 obtained by the 

regression into Eq. (11), the predicted efficiencies of the 10 

operating condition points of the two cases were calculated, 

and the residuals were calculated, and the results are shown in 

Table 5. 

From the residual distribution, the absolute values of the 

residuals of the 10 operating condition points are all less than 

0.55%, and the signs of the residuals show a random 

distribution characteristic of "alternating positive and 

negative", and no obvious U-shaped or monotonic trend 

appears, which indicates that the functional structure of Eq. 

(11) can correctly describe the mapping relationship between 

the thermodynamic pressure difference inside the pump and 

the efficiency, and the regression model has no systematic 

deviation. 

 

Table 5. Predicted efficiency and residuals of the regression 

model 

 

Case 
Flow 

Rate/m³·h-1 

Efficiency by the 

Temperature-

Difference 

Method/% 

Efficiency by 

the Regression 

Model/% 

Residual/% 

Case 

1 

23.5 41.81 41.75 0.06 

27.9 44.95 44.62 0.33 

35.7 49.80 49.28 0.52 

51.8 56.11 55.74 0.37 

60.1 51.98 51.76 0.22 

Case 

2 

82.3 43.47 43.21 0.26 

119.2 55.02 55.31 -0.29 

159.1 63.83 64.15 -0.32 

199.8 72.86 72.71 0.15 

224.0 67.43 67.62 -0.19 

 

The relationship between the pump flow rate and the 

efficiency before and after the regression is shown in Figure 6 

and Figure 7. 

 

 
 

Figure 6. Flow rate–efficiency curve of the IS80-50-315 

clean water centrifugal pump 

 

 
 

Figure 7. Flow rate–efficiency curve of the IS125-100-315 

clean water centrifugal pump 

 

(3) Adoption of the engineering recommended values 

The exponents n = 1.768 and m = 0.772 obtained by the 

regression are within the lower limit of the recommended 
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range for small pumps given in References [21, 22] (m = 0.75–

1, n = 1.75–2), which confirms the theoretical rationality of 

this empirical formula from the data level. 

Considering that there is a natural correlation between Δ𝑝 

and 𝑝2 in Eq. (11) (Δ𝑝/𝑝2 ≈ 0.95), and the variance of 𝑋2 is 

small, the stability of the regression coefficient m is sensitive 

to the sample size. In order to facilitate the practical 

engineering application and ensure the generalization ability 

of the model, this study finally adopts the integer values m = 

0.75 and n = 1.75 recommended in the literature as the 

engineering parameters of Eq. (11). The verification shows 

that the efficiency deviation between the calculated results 

using the recommended values and the regression values does 

not exceed 0.3%, which fully meets the requirements of 

engineering measurement accuracy. 

 

 

5. MODEL UNCERTAINTY ANALYSIS 

 

In order to comprehensively evaluate the reliability of the 

thermodynamic pressure-difference method (Eq. (11)) in 

practical engineering application, based on the internationally 

used ISO Guide to the Expression of Uncertainty in 

Measurement (GUM) framework, a quantitative analysis is 

carried out on the uncertainty of the final pump efficiency 

caused by the measurement uncertainty of the core 

measurement parameters in the model (the inlet absolute 

pressure 𝑝1 , the outlet absolute pressure 𝑝2  and the 

atmospheric pressure 𝑝𝑎). 

 

5.1 Measurement model and uncertainty propagation law 

 

According to the uncertainty propagation law of ISO GUM, 

when the input quantities are independent of each other, the 

combined standard uncertainty 𝑢𝑐(𝜂) of input 𝜂 is: 
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Let the sensitivity factor 𝐾 = 1 − 0.937𝜂 , and the 

sensitivity coefficients of the input quantities are derived: 

(1) Sensitivity coefficient of the inlet absolute pressure 𝑝1: 
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(2) Sensitivity coefficient of the outlet absolute pressure 𝑝2: 
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(3) Sensitivity coefficient of the atmospheric pressure 𝑝𝑎: 
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5.2 Calculation of a typical operating condition example 

 

The test data of Case 1 at the optimum operating point (flow 

rate Q = 51.8 m³/h) are selected for substitution and checking 

calculation. 

Operating condition parameters: the pump efficiency by the 

thermodynamic temperature-difference method 𝜂  = 56.11%, 

the pump head H = 125.2 m, the pump inlet absolute pressure 

𝑝1 = 46.3 kPa, the pump outlet absolute pressure 𝑝2 = 1263.3 

kPa, and the atmospheric pressure 𝑝𝑎 = 101.2 kPa. 

Model parameters: m = 0.75, n = 1.75, and the sensitivity 

factor is calculated as K = 0.474. 

Substituting the above data into the uncertainty propagation 

formula, the calculation results are shown in Table 6. 

 

Table 6. Summary table of the uncertainty components of the 

pump efficiency measurement 

 

Uncertainty 

Source 

Sensitivity 

Coefficient 

Efficiency 

Uncertainty 

Component/% 

Variance 

Contribution 

Rate/% 

Inlet 

absolute 

pressure 𝑝1 

-9.89 × 10-3 0.914 99.79 

Outlet 

absolute 

pressure 𝑝2 

-5.98 × 10-6 0.00055 <0.01 

Atmospheric 

pressure 𝑝𝑎 
-4.6 × 10-3 0.0267 0.2 

Combined 

standard 

uncertainty 

- 0.915 100 

 

Taking the coverage factor k = 2 (corresponding to a 

confidence probability of about 95%), it can be obtained that 

the expanded uncertainty is 1.83%. 

From the analysis of the above calculation results, it can be 

known that: 

(1) The inlet pressure 𝑝1 is the absolute dominant factor of 

the measurement uncertainty. It can be seen from the variance 

contribution rate that the uncertainty of 𝑝1 contributes 99.79% 

of the total variance. It is suggested that in the measurement 

by the pressure-difference method, a high-precision (>0.05% 

FS) pressure sensor must be used for the inlet absolute 

pressure 𝑝1, and this is the core way to improve the accuracy 

of the efficiency measurement. 

(2) The uncertainty of the outlet pressure 𝑝2  can be 

neglected. 

(3) The influence of the atmospheric pressure 𝑝𝑎  is at a 

relatively low level. Since the reference value of 𝑝𝑎 is large, 

its variance contribution is only 0.20%, and the use of a 

conventional digital barometer can meet the engineering 

requirements. 

(4) Mutual confirmation with the results of the residual 

analysis.  

The ISO GUM analysis shows that, under the instrument 

accuracy of 0.1% FS, the theoretical combined standard 

uncertainty of the model is about 0.915%. Combined with the 

residual diagnosis results in Table 5, it can be seen that the 

residuals are completely within the coverage range of the 

theoretical uncertainty (k = 1), and are mainly caused by the 

small measurement error of the inlet pressure. This verifies, 

from the metrological point of view, the reliability and the 

accuracy margin of Eq. (11) as an engineering application 

model, and it fully meets the engineering accuracy 

requirements of the on-site pump efficiency test. 

It should be noted that in the model of this paper, both the 

density and the specific heat capacity are taken as the constants 
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corresponding to 20 ℃. Within the range of 20 ± 0.23 ℃, the 

change rate of the density of water is about 2.3 × 10⁻⁴ 

kg·m⁻³·℃⁻¹, and the change rate of the specific heat capacity 

is about 1 × 10⁻³ kJ·kg⁻¹·℃⁻¹. The relative error of the density 

introduced thereby does not exceed 5 × 10⁻⁵, and the relative 

error of the specific heat capacity does not exceed 2 × 10⁻⁴. 

Through error propagation, the combined influence of the two 

on the heat exchange quantity obtained by the pressure-

difference method does not exceed 0.07%, which is smaller 

than the relative error of the temperature difference 

corresponding to the calibration uncertainty of the temperature 

sensor itself. Therefore, under the operating conditions studied 

in this paper, neglecting the continuous correction of the 

physical properties with temperature will not have a 

substantial influence on the main conclusions. 

 

 

6. CONCLUSIONS 

 

(1) The measurement of the pump efficiency by the 

thermodynamic temperature-difference method has few 

measurement parameters, a simple system, convenient 

operation and easy measurement, but according to the model 

checking calculation data, a relatively low pump head will 

produce a relatively large error, and it is recommended to be 

used for pumps with a head greater than 20 m. 

(2) The thermodynamic pressure-difference method uses 

the measurement of the pressure difference between the inlet 

and outlet of the pump instead of the temperature difference 

measurement, which effectively circumvents the difficult 

problem of small temperature difference measurement, is 

basically not limited by the accuracy of the temperature 

measuring equipment, and is of great significance for the 

accurate testing of the pump efficiency in engineering practice. 

(3) The practice has proved that the calculation model of the 

thermodynamic pressure-difference method for the pump 

efficiency fully meets the engineering accuracy requirements 

of the on-site pump efficiency test, and it is a practical method 

for promoting the application of the thermodynamic method in 

the pump efficiency test. 
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