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To address the issue of temperature rise induced by refrigerant pump operation 
in solar ejector refrigeration systems, this study employs a multistage centrifugal 
pump. Through a combination of theoretical analysis and experimental investiga-
tion, using R142b as the working fluid, a test platform was constructed to simulate 
a flow range of 50%-100%, assessing the thermal rise characteristics under var-
ying rotational speeds and inlet pressures. By applying energy balance principles 
and dimensionless analysis, a predictive model for temperature rise was devel-
oped. The results reveal that lower flow rates and increased speeds lead to greater 
internal energy dissipation within the pump, significantly elevating the refrigerant 
temperature and compromising both pump efficiency and overall system stability. 
The proposed model accurately predicts over 95% of the data within a ±5% mar-
gin of error, demonstrating its applicability in engineering design and pump se-
lection optimization. 

Keywords: experimental evaluation, centrifugal pump, temperature rise, 
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Introduction 

The vigorous development of renewable energy has become a global consensus and 

a leading strategy in the ongoing energy revolution and efforts to combat climate change. The 

current and coming decades mark a pivotal phase in the global energy transition, characterized 

by a rapid shift toward low-carbon and zero-carbon energy systems. Renewable energy is 

poised to evolve into the primary driver of economic and social development. In alignment 

with this trajectory, the Chinese government has reaffirmed its commitment to achieving peak 

carbon emissions and carbon neutrality goals [1]. According to the 14th Five-Year Plan for 

Renewable Energy Development, by 2025, the non-electric utilization of renewables, such as 

_____________ 
*Corresponding author, e-mail: zhao_zhaocm@163.com 



Zhao, C., et al.: Experimental Evaluation of Temperature Rise of  … 2484 THERMAL SCIENCE: Year 2026, Vol. 30, No. 4A, pp. 2483-2497 

solar thermal energy, is projected to surpass 60 million tons of standard coal, with total renew-

able energy consumption reaching 1 billion tons of standard coal equivalent [1, 2]. 

As solar radiation peaks in summer, so too does the demand for cooling, making 

solar-driven refrigeration a logical and efficient solution [3]. In the field of air-conditioning, 

ejector refrigeration systems can harness low-grade energy sources, such as solar heat or in-

dustrial waste heat, to produce cooling, thereby reducing dependence on conventional energy. 

This renders ejector-based technologies particularly appealing in the context of energy conser-

vation. Solar ejector refrigeration systems 

(SERS), which utilize low-grade solar thermal 

energy for direct cooling, have emerged as a key 

technology for alleviating the seasonal mismatch 

between solar heat availability and cooling de-

mand [4, 5]. A schematic of the SERS system is 

shown in fig. 1. However, existing studies on 

SERS have primarily focused on eco-friendly re-

frigerant alternatives, ejector optimization, and 

system integration [6, 7], while the performance 

and safety of the system’s sole mechanical com-

ponent, the refrigerant pump, remain critically 

underexplored [8]. 

The operating pressure and stability of refrigerant pumps significantly influence their 

suitability across various system configurations and application scenarios. From the perspec-

tives of environmental protection and safety, sealing performance, and the leakage it may in-

duce, has become a frequent focal point. As noted in [9], most refrigerant pumps used in ex-

perimental studies of ejector refrigeration systems are of the positive displacement type, with 

diaphragm pumps being particularly prevalent. Although diaphragm pumps offer superior seal-

ing and safety, they often suffer from complex structures, high costs, and demanding operation 

and maintenance procedures. Therefore, identifying cost-effective and practical alternatives 

has become increasingly important. Research suggests that centrifugal pumps, diaphragm 

pumps, gear pumps, piston pumps, sliding vane pumps, magnetic drive pumps, canned motor 

pumps, vortex pumps, screw pumps, metering pumps, and specialized small-flow, high-head 

chemical process pumps may all be suitable candidates for such systems. 

Beyond satisfying circulation requirements, refrigerant pump selection must also 

consider factors such as controllability, operational efficiency, sealing integrity, and net posi-

tive suction head (NPSH) [10]. 

Controllability: A pump that is easy to operate and manage is essential for ensuring 

the practicality of ejector refrigeration systems. 

Efficiency: Efficiency is a pivotal parameter in ejector refrigeration cycles, yet it is 

seldom reported in the literature due to the relatively minor share of energy consumption at-

tributed to the pump. For instance, SERS simulations using TRNSYS often assume a pump 

efficiency of 0.5 [11, 12]. Bernardo et al. [13] assumed an isentropic efficiency of 0.7. In an 

experimental study of a regenerative jet-compression hybrid system using R134a with a cool-

ing capacity of 3 kW, Zhang [14] found the pump’s efficiency to range between 0.2 and 0.4. 

Given the similarities in working fluid and operating conditions, data from low-tem-

perature organic Rankine cycle (ORC) systems can provide relevant references. For example, 

studies on 2 kW ORC systems report pump efficiencies around 25% [15]. Reid’s experimental 

work using HFE-7000 in a 1 kW Rankine cycle found an overall pump efficiency of only 7% 

Figure 1. The SERS 
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[16]. Quoilin’s [17] study employing a diaphragm pump with R245fa recorded a total effi-

ciency of 22%. Bala et al. [18] reported a maximum efficiency of approximately 20% when 

sliding vane pumps conveyed various organic fluids. Similarly, Melotte’s experiments with 

centrifugal pumps using Solkatherm yielded efficiencies ranging from 10% to 20% [19]. 

These consistently low efficiency values underscore the inadequate compatibility be-

tween current pump designs and the operational demands of SERS. For such applications, 

pump efficiencies ideally should exceed 60%, indicating the necessity for further optimization 

and targeted design improvements. 

Sealing integrity: Refrigerants are often costly substances and may possess charac-

teristics such as flammability, toxicity, or high GWP and ozone depletion potential. Therefore, 

ensuring strict gas-tightness in ejector refrigeration systems is essential to prevent leakage. 

This explains the widespread use of positive displacement pumps, particularly diaphragm 

pumps, in related research, owing to their superior sealing performance. However, diaphragm 

pumps tend to generate pulsating flow during operation, which can lead to fluctuations in pres-

sure and flow rate, thereby affecting measurement accuracy. In contrast, when employing cen-

trifugal pumps, it is imperative to ensure the sealing integrity of the shaft to prevent leakage. 

Net positive suction head: NPSH is a critical parameter for the reliable operation of 

refrigerant pumps in ejector refrigeration systems. Unlike water, most refrigerants exhibit sig-

nificantly lower evaporation temperatures and latent heats, making them more prone to cavi-

tation. If not properly managed, cavitation can cause severe noise, vibration, distortion of the 

pump’s performance curve, and even mechanical failure. To mitigate cavitation and preserve 

both operational stability and pump longevity, two common strategies are employed: 

− increasing the inlet pressure, and 

− enhancing the subcooling of the fluid at the pump inlet. 

In experimental studies on solar-driven ORC, Li [20] identified cavitation as a serious 

issue and proposed a formula for calculating the minimum required pump head. Lakew and 

Bolland [21], in their study using the non-azeotropic mixture R245fa/R365mfc, reported a sub-

cooling of 13 ℃ at the pump inlet. Quoilin et al. [15] recommend a subcooling range of 20-

44 ℃, while Yang et al. [22] emphasize that at least 20 ℃ of subcooling is essential to ensure 

stable pump operation. 

In addition to the aforementioned requirements, the final selection of pump type and 

manufacturer should be based on a comprehensive evaluation of performance, power consump-

tion, operational reliability, cost, and compliance with manufacturing standards. Centrifugal 

pumps, known for their simple construction, economic cost, ease of installation and mainte-

nance, steady flow, and absence of pulsation, offer advantages in accurate flow and pressure 

measurements and have been widely adopted across various industries. In this study, a multi-

stage centrifugal pump was selected for testing, with a specific focus on the overlooked issue 

of refrigerant temperature rise caused by mechanical energy dissipation during low-flow, low-

efficiency operation. 

The dual risk of refrigerant temperature rise: From a safety perspective, Freon-based 

refrigerants possess a significantly lower specific heat capacity compared to water, resulting 

in temperature rises up to 212% higher under equivalent power input. This amplifies the risks 

of pump overheating and cavitation. Overheating accelerates seal degradation and exacerbates 

fluid corrosion, while cavitation can severely erode internal components, producing noise and 

vibration. 

From an energy-efficiency standpoint, elevated refrigerant temperatures increase 

cavitation susceptibility, impair hydraulic performance, and can reduce pump efficiency by 
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over 50% under partial-load conditions. Additionally, refrigerant overheating at the generator 

side disrupts the ejector entrainment ratio and compromises overall system stability. However, 

the coupled mechanisms between refrigerant temperature rise and system performance remain 

poorly understood. 

Urgency of the research gap: Existing pump designs and temperature rise models are 

predominantly based on water as the working fluid [23, 24], failing to account for the amplifi-

cation effects introduced by refrigerants with low specific heat and viscosity. In multistage 

high-head pumps, interstage energy accumulation causes nonlinear increases in temperature, 

yet experimental data on such effects remain scarce [9, 25]]. 

Significant limitations in current research on refrigerant pumps: Misconception of 

Efficiency: In both SERS and ORC systems, pump efficiencies generally remain below 30% 

(with diaphragm pumps ranging from 15% to 22%) [8, 9, 14, 17]. However, most optimization 

efforts focus on design-point performance, overlooking temperature rise under partial load and 

its implications for sustainable operation. 

Lack of Refrigerant-Specific Adaptation: The high volatility of refrigerants and their 

low NPSH requirements (demanding subcooling above 20 ℃ [11]) render water-based tem-

perature rise models inapplicable. 

Unquantified Structural Effects: The influence of impeller geometry and interstage 

spacing on turbulence-induced heat dissipation in multistage centrifugal pumps remains poorly 

characterized and demands further optimization [5]. 

In SERS, the low-flow/high-head regime and stringent sealing requirements favor 

multistage centrifugal pumps (mechanical-seal or canned-motor types with a variable-fre-

quency drive – VFD). Compared with gear or plunger pumps, which despite their high-pressure 

capability, suffer from pulsation, leakage risk, and challenging temperature-rise management, 

multistage centrifugal pumps offer a better engineering trade-off in terms of continuous flow, 

controllable head range, NPSH margin, refrigerant compatibility, and temperature-rise control-

lability. 

Accordingly, this study examines the temperature-rise characteristics of a multistage 

centrifugal pump delivering refrigerant under representative SERS operating conditions. Using 

an in-house test rig, we conducted measurements at three rotational speeds (25/37.5/50 Hz) 

and multiple inlet pressures, covering approximately 50%-100% of the rated flow. Steady-state 

temperature-rise data were acquired and an uncertainty evaluation was performed. Building on 

an energy balance and the Buckingham-π theorem, we formed a set of dimensionless groups 

and employed log-linear regression with (flow rate, Q, head, H, rotational speed, n, fluid prop-

erties, ρ, cp, μ, and characteristic diameter, D2) as predictors to obtain a dimensionless predic-

tive correlation for refrigerant temperature rise. Hydraulic efficiency, η, is used only to derive 

a conservative upper bound on temperature rise and is excluded from the final regression to 

avoid redundancy and multicollinearity. The resulting model achieves an engineering error 

band of approximately ±5% on validation data and can be used to delineate safe operating 

boundaries and inform VFD control strategies, providing a reusable quantitative tool for the 

engineering implementation of SERS in support of the dual-carbon objectives. 

Theoretical analysis 

A vertical multistage centrifugal pump (25CDLF1-36) was selected in this study. Its 

highest working pressure was 25 bar (-15-40 ℃), fluid temperature was between -15-70 ℃, 

highest ambient temperature was 40 ℃, and rated power was 2.2 kW. The recommended 

ranges for pump flow and head are shown in tab. 1. 
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The design parameters for the multistage centrifugal pump and the working range of 

the SERS were considered, tab. 2. A generation temperature tg = 85 ℃ and condensation tem-

perature tc =35 ℃ were regarded as the basic conditions. The R142b was selected as the re-

frigerant, and theoretical analyses and experimental studies of the refrigerant in a multistage 

centrifugal pump were carried out. 

Thermodynamic performance model of 
the refrigeration cycle 

The SERS consists of a solar collector, 

generator, ejector, condenser, evaporator, 

throttling valve, and refrigerant pump. To en-

able tractable analysis, a thermodynamic cy-

cle model is established based on constant-

pressure mixing theory under standard simpli-

fying assumptions, and the cycle performance 

is evaluated in terms of COP and the electrical 

coefficient of performance, COPel. The sim-

plified operating sequence of the ejector cycle 

and its pressure-enthalpy (p-h) representation 

are shown in fig. 2. The principal thermody-

namic relations used in this study are summa-

rized. 

The COP of the jet refrigeration system is 

defined as the ratio of the refrigeration capacity 

per unit time to the total input energy of the sys-

tem, namely: 

 2 1

g p 6 4

eQ h h
COP

Q W h h


−
= =

+ −
  (1) 

The ejector refrigeration system is driven by thermal energy, Qg, and the power of 

the pump, Wp, for the refrigeration cycle, and the thermal energy, Qg, mainly originates from 

low-grade thermal sources, such as solar energy, waste heat recovery (industrial waste heat, 

engine waste heat), geothermal energy, and bioenergy, etc. 

Since the thermal energy in the SERS comes from the sun with no operating costs, 

coefficient of performance for electricity (COPel) parameter is also adopted in this paper to 

evaluate the system performance of the refrigerant: 

Table 1. The parameters of the pump 

Flow 
[m3h–1] 

Pressure head 
[m] 

Maximum 
efficiency [%] 

Inlet and outlet 
diameter [mm] 

Rated speed 
[rpm] 

Impeller diameter 
[mm] 

1 (0.4–2) 200 (214–230) 44 DN25 2900 125 

Table 2. Performance parameters of the multistage centrifugal pump motor 

Design 
parameters 

Rated power 
[kW] 

Rated 
voltage [V] 

Motor 
connection 

Rated 
current [A] 

Rated speed 
[rpm] 

Efficiency 
[%] 

Power factorcos, 
Φ 

Pump 2.2 220/380 △/Y 8.2/4.7 2890 83.2 0.85 

Figure 2. The p-h analysis diagram of solar 
ejector refrigeration system; 
1-6 correspond to each state point, 
g is the generator, c – the condenser, 
e – the evaporator, p– the refrigerant pump, 
r– the refrigerant pump (including the driving 
motor), and q– the driving motor 
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The power consumption (electric power) of the refrigerant pump is expressed as: 

 
5 4( )p g

r

W m h h
W

 

−
= =   (3) 

 
p q  =    (4) 

where T [K] is the temperature, m [kgs–1] – the refrigerant flow rate, μ (= me/mg) – the ejection 

coefficient, Q [kW] – the heat exchange quantity, W [kW] – the power, and h [kJkg–1] – the 

enthalpy. The subscripts:. 

Analytical approach for temperature rise in centrifugal pump 

Under the demanding conditions of low flow rate and high head in SERS, suitable 

small-flow centrifugal pumps are often unavailable. As a result, centrifugal pumps are fre-

quently required to operate continuously in the low-flow region. In such scenarios, it becomes 

essential to verify the minimum allowable flow rate at which the pump can function without 

incurring thermal damage caused by the temperature rise of the pumped refrigerant [26].  

Overall efficiency of the pump reduced significantly when it operated under low flow 

rates leading to higher loss rate. From this point of view, we can develop an energy balance for 

loss rate and temperature increase from suction to discharge nozzle. This energy balance is true 

when entire pump is thermally insulated and all losses turn into heat and rise fluid temperature: 

 ( )LR 1W – P=    (5) 

 
AH pQ mC T=    (6) 

where WLR, QAH, h, P, ṁ, Cp, and DT are loss rate, absorbed heat by the working fluid, pump 

overall efficiency, input power to the pump, fluid mass-flow rate, specific heat of the fluid and 

temperature rise. So eqs. (5) and (6) are equal: 

 ( ) ( )1 p p– P mC T Q C T  =  =    (7) 

 ( ) ( )
1

1 1 1
QH

– P – QH –


  
 

 
 =  =  

 
  (8) 

where Q [m3s–1], H [m], and g [kgm–2s–2] are flow rate, head, and specific weight. Using eqs. 

(7) and (8), we can write: 

 ( )
1

1 pQH – Q C T 


 
=  

 
  (9) 

where r [kgm–3] is the fluid density. As flow rate is not exactly zero, we can write: 

 
1

1
p

gH
T –

C 

 
 =  

 
  (10) 
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where g [ms–2] is the gravity acceleration. It appears through the hydraulic power, Ph = rgQH 

with g = g/r. This theoretical relation estimates the temperature rise using overall efficiency. 

It means that all kinds of losses may occur through centrifugal pumps and are turned into heat. 

This conservative relation gives maximum expected temperature increase during part load op-

eration of centrifugal pumps. Otherwise, we have to consider dissipated energy into environ-

ment that requires average convection heat transfer coefficients for different pumps with vari-

ous sizes which is not feasible. 

Scale analysis by dimensionless groups 

All influential parameters on temperature rise are distinguished based on authors ex-

perimental analysis and theoretical relation derived in present research (previous section). 

These parameters are: fluid density, q in [kgm–3], specific heat of the fluid, Cp in [Jkg–1K–1], 

dynamic viscosity of the fluid, l in [Pa·s], flow rate, Q in [m3s–1], outer diameter of blades, D2 

in [m], rotational speed, n in [1/s], pump head, H in [m], and gravitational acceleration, g in 

[ms–2]. In fact, the difference in temperature of inlet and outlet flow goes back to these param-

eters: 

 ( )2 gpT f ,C , ,n,H ,D ,Q,  =   (11) 

Employing Buckingham’s p theorem, dimensionless groups will be: 

 1 1 1 1

1 2π pD Q T C   =    (12) 

 2 2 2 2

2 2π D Q T
    =    (13) 

 3 3 3 3

3 2π gD Q T
   =    (14) 

 4 4 4 4

4 2π D Q T H
   =    (15) 

 5 5 5 5

5 2π D Q T n
   =    (15) 

In terms of dimensions: 

 ( ) ( )1 1
1 13 3 1 2 2 1

1dim π 1– – – –ML L L T L T
  

= =Q Q   (16) 

 ( ) ( )2 2
2 23 3 1 1 1

2dim π 1– – – –ML L L T ML
  

= =Q T   (17) 

 ( ) ( )3 3
3 33 3 1 2

3dim π 1– – –ML L L T LT
  

= =Q   (18) 

 ( ) ( )4 4
4 43 3 1

4dim π 1– –ML L L T L
  

= =Q   (19) 

 ( ) ( )5 5
5 53 3 1 1

5dim π 1– – –ML L L T T
  

= =Q   (20) 

Therefore: 

 4 2

1 2π –

pD Q TC=    (22) 

 1 1

2 2π – –D Q =   (23) 

 5 2

3 2π g–D Q=   (24) 
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 1

4 2π –D H=   (25) 

 3 1

5 2π –D Q n=   (26) 

Power law function is used to correlate mentioned dimensionless groups in eqs. (22)-

(26), hence the relationship derived is: 

 3 52 4

1 1 2 3 4 5π π π π π
a aa a

a=       (27) 

or 

 ( ) ( ) ( ) ( ) ( ) ( )1 1 2 2 3 3 4 4 5 5ln π ln ln π ln π ln π ln πa a a a a= +  +  +  +    (28) 

The overall efficiency of the multistage centrifugal pump was also considered as a 

potential dimensionless parameter. However, after extensive experimental validation, it was 

concluded that efficiency had no significant influence on temperature rise, given that flow rate, 

Q, head, H, rotational speed, n, and impeller diameter, D₂, were already included in eq. (11), 

and was therefore omitted from the analysis [23]. 

Experimental set-up 

Design of the test system 

According to the typical annual meteorological data, the outdoor temperature in the 

Zhengzhou area from May to October is between 25 ℃ and 40 ℃, so the condensing temper-

ature was selected to be 25-40 ℃, and the corresponding saturation pressure was 0.338-0.523 

MPa as the adjustment range for the refrigerant pump inlet pressure. Based on the operating 

conditions of the SERS, the pump inlet and outlet pressure and flow rate were adjusted, and 

the pump inlet pressure was set as the condenser outlet pressure. In order to obtain data for the 

different pump inlet pressures, flow rates, rotational speeds and temperature differences be-

tween the inlet and outlet of the pump, we designed an experimental device for the performance 

testing system of the refrigerant pump. Based on the theoretical analyses and predictions of a 

multistage centrifugal pump performance, a refrigerant pump performance test platform was 

built, as shown in figs. 3 and 4. 

Figure 3. Flow diagram of working fluid pump test platform 
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The refrigerant-pump performance test system was designed around a multistage cen-

trifugal pump as the refrigerant pump and R142b as the working fluid. Conventional open-loop 

pump test rigs are unsuitable for refrigerants whose normal boiling point is below ambient 

temperature, because vaporization can occur and stable delivery cannot be ensured. Traditional 

closed-loop rigs typically require a large receiver, leading to excessive refrigerant charge, 

higher cost, and significant space demand. To address these issues, and to reflect the operating 

conditions of an ejector refrigeration cycle, we developed a compact closed-loop test bench for 

multistage centrifugal pumps, fig. 4. The platform consists of a closed-loop refrigerant-pump 

circuit, a data-acquisition system, and a power/control unit. The closed-loop circuit comprises 

two subloops: a refrigerant loop and a water loop. 

The refrigerant loop includes the multistage centrifugal pump, a shell-and-tube heat 

exchanger (counter-current), a receiver, and conical shut-off valves (needle-type globe valves). 

Sight glasses are installed at the inlets of the pump and the refrigerant mass flow meter, as well 

as at the outlet of the shell-and-tube exchanger, to monitor phase state. After charging an ap-

propriate amount of refrigerant, the inlet pressure of the pump is maintained by adjusting the 

cooling-water temperature supplied from the constant-temperature bath. 

The water loop consists of a constant-temperature bath, a shell-and-tube heat ex-

changer, a water pump, a ball valve, and a flow meter. Tap water first enters the bath to stabilize 

temperature, thereby indirectly stabilizing pressure in the refrigerant loop. Once the set tem-

perature is reached, the water pump delivers flow to the exchanger; a ball valve at the pump 

outlet regulates the flow rate, and a flow meter is installed downstream after the required 

straight-pipe run. 

The data-acquisition system comprises a logger, electronic measurement instruments, 

and auxiliary precision anti-vibration mechanical pressure gauges. The measurement suite in-

cludes pressure and differential-pressure transmitters, a refrigerant flow meter, a water flow 

meter, a power meter, and K-type thermocouples. Mechanical pressure gauges facilitate con-

venient pressure adjustment, provide cross-checks for transmitter readings, and serve as a vis-

ible safeguard against unnoticed electronic failure. Power-meter signals are collected via 

KingView SCADA software, while other signals are recorded using Keithley digital multime-

ters; overall acquisition and control are automated by computer. 

Figure 4. Experimental apparatus of 

the refrigerant pump performance test system 
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Error analysis 

The test process can be affected by various factors, and thus errors are inevitable. 

Although a variety of methods were adopted to ensure the accuracy of the measured values 

during the test process, the measured values only approximate the true values. According to 

Moffat’s test error analysis method power of two method ,the uncertainty of the test data was 

analyzed. 

On the basis of the total efficiency of the refrigerant pump, the uncertainty of the 

refrigerant pump efficiency was calculated according to the motor efficiency, and the meas-

urement accuracy of its motor efficiency was 0.2 grade. 

According to the pump manual, the characteristic curves of the selected pump oper-

ating at a fixed motor speed of 2900 rpm (50 Hz), under standard conditions (ambient pressure, 

water at 20 °C, free of air, and kinematic viscosity of 1 mm²/s). As the flow rate increases, the 

pump head gradually decreases. The pump efficiency and overall efficiency (including motor 

losses) first increase and then decrease, reaching maximum values of 44.0% and 37.2% within 

the flow range of 1.4-2.0 m³/h, which is higher than the rated flow rate. The relatively low total 

efficiency indicates high energy consumption, which is related to the high-head and low-flow 

conditions and the pump’s internal design characteristics. 

Measurement uncertainty: pressure sensors: accuracy 0.5%, signal acquisition uncer-

tainty 0.11%, total uncertainty 0.61%. 

Differential pressure transmitters: accuracy 0.075%, total uncertainty 0.185%. Mass 

flow meter: range 0-3500 kg/h, accuracy 0.1%, total uncertainty 0.71%. 

Density estimation: based on pressure and temperature, verified via flowmeter, un-

certainty ~1.67%. 

Electromagnetic flowmeter: accuracy 0.35%, total uncertainty 0.46%. 

Power meter: accuracy 0.5%, total uncertainty 0.61%. 

Temperature (K-type thermocouple): accuracy 0.2 °C, total uncertainty 0.5 °C. 

Summary: The uncertainty of useful pump power is estimated to be ±3.76%. The 

uncertainty of total pump efficiency is approximately ±3.86%. 

Results and discussion 

In this section, a new correlation is estab-

lished between the inlet and outlet temperature 

difference of the centrifugal pump under steady-

state conditions, based on dimensional analysis. 

Steady-state temperature rise of 
the centrifugal pump 

Figure 5 illustrates the experimental and 

theoretical trends of outlet temperature rise, ΔT, 

and efficiency, η, of the refrigerant pump under 

an inlet pressure of 0.454 MPa (Psat(35 ℃) = 0.454 

MPa), across different flow rates and operating 

frequencies (25 Hz, 37.5 Hz, and 50 Hz). 

Overall, ΔT exhibits a distinct monotonic 

exponential decrease with increasing flow rate, 

primarily reflecting the enhanced convective 

Figure 5. Comparison of experimental and 
theoretical outlet temperature rise and 
η vs. flow rate at an inlet pressure of 0.454 MPa 

under various frequencies 
(25 Hz, 37.5 Hz, and 50 Hz) 
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heat transfer induced by higher flow velocity. Specifically, under high-flow conditions, the 

reduced residence time of the working fluid within the pump diminishes the opportunity for 

internal energy dissipation to convert into heat, thereby lowering the outlet temperature rise. 

Notably, ΔT curves at all frequencies display apparent inflection points, beyond which the rate 

of decline becomes significantly less steep. These inflection points can be interpreted as critical 

transition zones from thermally unstable to thermally stabilized flow regimes, suggesting that 

further increases in flow rate result in marginal reductions in ΔT due to the thermal exchange 

limitations imposed by the pump’s internal structure. 

In terms of efficiency, η, the experimental data reveal a typical unimodal distribution 

characterized by an initial increase followed by a decline, indicating that the pump achieves 

optimal energy performance within a mid-range flow regime. As the operating frequency in-

creases, the peak efficiency also rises, with the 50 Hz condition yielding the highest efficiency 

value among the tested scenarios. This reflects the greater hydraulic energy delivered at higher 

frequencies; however, it also confirms that the increased frictional heat losses at high frequen-

cies may outweigh the benefits of improved hydraulic performance. 

Nevertheless, discrepancies between the theoretical predictions and experimental re-

sults remain, particularly in high-flow and transitional regions, manifesting as localized devi-

ations and limited fitting accuracy. These deviations are especially pronounced near the ther-

mal instability-to-stability transition zones and are mainly attributed to the model’s inability to 

fully capture the complex nonlinear thermo-fluid coupling behavior within the pump. Conse-

quently, relying solely on eq. (10) does not suffice to achieve high prediction accuracy. Future 

Figure 6. Comparison of experimental and 

theoretical temperature rise for condition 
P(30 ℃)/P(35 ℃)/P(38 ℃), 25 Hz/37.5 Hz/50 Hz in 
terms of pump volumetric flow rate 
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model enhancements may consider the incorporation of correction factors or data-driven mod-

eling approaches to improve predictive capability and applicability across a broader range of 

operating conditions. 

Figure 6 illustrates the dimensionless temperature rise, π1, characteristics of the re-

frigerant pump under varying flow rates and operating frequencies (25 Hz, 37.5 Hz, and 50 

Hz), with an inlet pressure fixed at different condensing pressures, P(30 ℃)/P(35 ℃)/P(38 ℃)/P(40 ℃) 

= 0.393/0.454/0.495/0.523 MPa. All three plots exhibit a common trend: as the flow rate, Q, 

increases, the dimensionless temperature rise parameter π1 on the vertical axis first decreases 

rapidly and then gradually levels off. This behavior aligns with the characteristic of centrifugal 

pumps, namely, significant temperature rise at low flow and high head, followed by stable 

pump performance and thermal behavior at higher flow rates. The theoretical predictions 

closely follow the overall trend observed in the experimental data, indicating that the proposed 

model reasonably captures the temperature rise behavior of the pump. At higher operating fre-

quencies, peak values of the performance parameter under low-flow conditions become more 

pronounced, highlighting the dominant influence of frequency on pump performance. The de-

viation between theoretical and experimental values is larger at low flow rates, suggesting that 

the model has greater predictive error under complex low-flow conditions, whereas at higher 

flow rates, the two sets of results converge more closely, reflecting better model accuracy under 

practical, high-flow scenarios. 

Figure 7 presents the dimensionless temperature rise, π1, characteristics of the re-

frigerant pump across varying efficiencies and operational frequencies (25 Hz, 37.5 Hz, and 

50 Hz), with the inlet pressure fixed at different condensing conditions, 

Figure 7. Comparison of experimental 
and theoretical temperature rise for 
condition, P(30 ℃)/P(35 ℃)/P(38 ℃), 25 

Hz/37.5 Hz/50 Hz in terms of pump 
overall efficiency 
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P(30 °C)/P(35 °C)/P(38 °C)/P(40 °C) = 0.393/0.454/0.495/0.523 MPa. The data exhibit significant 

variation across frequencies. In the low-efficiency region (η < 15%), notable discrepancies 

emerge between theoretical and experimental values of π1, particularly at 25 Hz and 37.5 Hz, 

where theoretical predictions tend to overestimate the measured results, indicating consider-

able model error under low-flow, high-loss operating conditions. In contrast, within the me-

dium-to-high efficiency range (η ≥ 15%), the two sets of data converge, especially at 50 Hz, 

suggesting that the theoretical model aligns more closely with real-world performance under 

stable, high-efficiency regimes. 

From an engineering perspective, these plots assist engineers in delineating the ap-

plicable range of the theoretical model, eq. (10): it proves more reliable under high-frequency, 

mid-to-high efficiency conditions, while requiring correction in low-frequency, low-efficiency 

scenarios. The graphs also underscore the influence of frequency on pump behavior, higher 

frequencies expand the effective efficiency range of the pump. 

Based on steady-state temperature rise experiments of the centrifugal pump at three 

rotational speeds and varying inlet temperatures, and applying the dimensionless scaling anal-

ysis, eq. (27), a correlation for steady-state temperature rise has been proposed with a 95% 

confidence level. This equation, comprising dimensionless groups, enables the estimation of 

dimensionless temperature rise with 95% statistical confidence. Accordingly, the expression 

for the dimensionless temperature rise is given by: 

 60 66 5 19 2 55 0 08 2 62

1 2 3 4 5π π π π π. . – . . .e=       (29) 

Figure 8. Comparison of 

experimental steady temperature 
rise and proposed relation of 
eq. (27) for various rotational speeds 
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Validation of proposed correlation 

Figure 8 presents a comparison between the experimentally measured temperature 

rise and the theoretical predictions derived from eq. (27) at various rotational speeds. Across all 

graphs, a clear linear proportionality is observed between the logarithmic values of dimensionless 

temperature rise, ln(π₁), from both experimental and theoretical datasets, demonstrating the 

model’s strong predictive capability and validating its reliability. The ±5% error bands encom-

pass nearly all data points, indicating that the model maintains a prediction error within 5%, 

thereby proving applicable for practical pump performance forecasting. 

Conclusions 

This study conducts a comprehensive theoretical and experimental investigation into 

the temperature rise of refrigerant pumps operating under low-flow, high-head conditions in 

SERS. Using R142b as the working fluid, and based on energy balance and Buckingham π-

theorem, a dimensionless temperature rise model was developed, accounting for flow rate, 

head, rotational speed, and fluid properties. The key findings are as follows. 

• Under low-flow, low-efficiency conditions, significant mechanical energy dissipation 

within the pump leads to a pronounced rise in refrigerant temperature, increasing cavitation 

risk and degrading both pump performance and system stability. 

• The proposed model demonstrates strong predictive accuracy in the medium-to-high effi-

ciency range, with over 95% of experimental data falling within a ±5% error margin, con-

firming its applicability and reliability for engineering thermal design and operational con-

trol. 

• The findings reveal the dual impact of temperature rise on system safety and energy effi-

ciency, while also highlighting the limitations of directly applying conventional water-

based pump models to refrigerant systems. The proposed model offers a solid theoretical 

foundation for optimizing pump selection and frequency control strategies, thereby enhanc-

ing the overall performance of SERS. 
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