
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Nair, Devi Geetha; Daryabin, Shayan; Jannasch, Steven; Haavisto, Ari; Arkkio, Antero
Design of Water-Cooled Calorimeter for Electric Motor's Power Loss Measurement

Published in:
Proceedings of the 2018 23rd International Conference on Electrical Machines, ICEM 2018

DOI:
10.1109/ICELMACH.2018.8507232

Published: 24/10/2018

Document Version
Peer reviewed version

Please cite the original version:
Nair, D. G., Daryabin, S., Jannasch, S., Haavisto, A., & Arkkio, A. (2018). Design of Water-Cooled Calorimeter
for Electric Motor's Power Loss Measurement. In Proceedings of the 2018 23rd International Conference on
Electrical Machines, ICEM 2018 (pp. 1142-1148). [8507232] IEEE.
https://doi.org/10.1109/ICELMACH.2018.8507232

https://doi.org/10.1109/ICELMACH.2018.8507232
https://doi.org/10.1109/ICELMACH.2018.8507232


This is the accepted version of the original article published by IEEE. 
 
© 2018 IEEE. Personal use of this material is permitted. Permission from IEEE must 
be obtained for all other uses, in any current or future media, including 
reprinting/republishing this material for advertising or promotional purposes, creating 
new collective works, for resale or redistribution to servers or lists, or reuse of any 
copyrighted component of this work in other works. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Design of water-cooled calorimeter for electric
motor’s power loss measurement

Devi Geetha Nair, Shayan Daryabin, Steven Jannasch, Ari Haavisto and Antero Arkkio

Abstract—The paper presents the design process of and mea-
surement possibilities with a water cooled, balanced calorimeter
for the power loss measurement of an induction motor. The
tested motor is a totally enclosed fan-cooled cage induction mo-
tor with efficiency of 92%. To create an optimal design, aspects
of heat-leakage and measurement times are considered early in
the design stage. Coupled heat and air-flow simulations with
computational fluid-dynamic capabilities of the 3-D geometry
of the calorimeter are carried out to verify the effectiveness
of the chosen design parameters. Calorimetric measurements
of the power loss of the motor at different operating points
are presented, and compared with the traditional input-output
method. The calorimeter achieves extended measurement ac-
curacy of 2.08% in measurement of 2.6 kW of power loss .

Index Terms—Calorimetry, electric motors, measurement
techniques, power measurement

I. INTRODUCTION

The possibility to measure power loss by measuring the
heat generated is the appeal of calorimetry in electrical
machines. Calorimeter is a device that can reliably measure
heat. It is an important alternative to, and serves as a way to
corroborate the results of the traditional input-output method
to determine the power loss of electrical machines. While
the input-output method is reasonable in most cases, as per
the findings in [1], efficiency estimation of highly efficient
devices (with efficiency greater than 97% or so), leads to
considerable errors when there are inaccuracies in the power
measurement. The source of these measurement errors could
the electrical noise or the harmonics in the power supplied
to the motor, which cause undesirable interference with the
measurement equipment.

The accuracy of power loss measurement is a matter of
importance in the design and development of the class of high
efficiency machines. In order to achieve a low measurement
tolerance in the loss estimation, the measurement accuracy
required from equipment in the input-output method of loss
determination is unrealistically high [2]. This conventional
technique fares poorly [1] with respect to measurement of
stray losses. The authors in [1] make a favourable case for
the calorimetric measurements whose measurement accuracy
depends neither on the motor’s power rating nor its efficiency.
Since calorimeters rely only on the heat dissipated by the test
machine, it is unaffected also by factors like supply and load
fluctuations in the system.

Authors are with the Department of Electrical Engineering and Au-
tomation, Aalto University, P.O. Box 15500, Espoo, Finland (e-mail:
devi.nair@aalto.fi)

For electrical motors, the common practice has been to
use an open-cycle air-cooled calorimeter [2]–[6]. However,
in comparison to a water-cooled calorimeter, an air-cooled
open-type calorimeter is less accurate. This is owing to the
rapidly varying heat capacity of air caused due to atmospheric
variations in pressure, temperature and humidity. If these
variations are not kept track of accurately and continuously,
it affects the accuracy of the calorimetric measurements as
well [7]. This has usually been overcome by error estimations
and approximations [3], [4]. Calibrating the calorimeter using
a reference heater helps address this problem. A double
jacketed, closed calorimeter construction of [8] and [9] that
minimized leakages through active temperature control of air
between the double insulation walls achieved good accuracy
of 0.2% in measuring powers of 50-200 W. [7] reports that
measurement accuracy of water-cooled calorimeters range
from 0.2% for powers of 600 W-1.5 kW and 0.36% for 25
kW.

In this paper we present the design process of the
proposed closed-cycle, water cooled calorimeter. The paper
explains optimising its design to allow accurate measure-
ments with reasonable measurement times. It is intended for
measuring the total power losses of a 37 kW induction motor
with an expected efficiency of 92%. In this design process,
3.5 kW is taken as the upper limit of the motor’s power loss.

II. OPERATING PRINCIPLE

A water-cooled calorimeter is a hermetically sealed cham-
ber equipped with a heat-exchanger to aid heat transfer from
air to water. The machine or device to be tested is placed in
the chamber and operated at its normal working conditions.
The heat dissipated by the test device is determined by
measuring the heat absorbed by the coolant, which is deduced
from the measured temperature rise of water, as below:

P = V̇ ρcp∆T. (1)

Here, V̇ , ρ, cp and ∆T are the volume flow rate, density,
specific heat capacity and temperature-rise of coolant. Mea-
surements are made after the steady state is reached.

The proposed water-cooled calorimeter’s schematic is
seen in Fig. 1. The heat-exchanger seen here is an important
device, whose effectiveness in transferring heat from air to
water considerably affects the efficiency of the calorimeter.
By varying the temperature-rises of air and water, and their
flow-rates, it is beneficial to check if the heat exchanger
performance is good enough to ensure reliable performance
of the calorimeter. The effectiveness of a heat exchanger is
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Fig. 1. The schematic of the calorimeter, illustrating the inner layout and
the control schema.

expressed as the ratio of actual heat transfer to the maximal
possible heat transfer. Ideally, all the heat dissipated by the
motor will be absorbed by air and then in turn, by water. This
would mean an effectiveess of 1; in this case it was found to
be 0.86.

A. Balanced Water-cooled Calorimeter

A water-cooled calorimeter is more complex than an air-
cooled one, but more accurate. The specific heat capacity
of water does not vary widely over a temperature range at
constant pressure [10] and it is possible to estimate it with
good level of accuracy. In calorimetric tests, firstly the test
machine is run to steady-state and the temperature rise of the
coolant is recorded. To verify the measured losses, a heating
resistor is energised with a known power in order to achieve
the same rise in temperature. This validates that the power
lost by the device in the first test equals the power supplied to
the heater in the second test, provided all thermal conditions
in the calorimeter were identical. The disadvantage of this
testing process is that test times are doubled.

The solution is to calibrate the calorimeter with the heater,
by supplying it different powers and measuring the result-
ing water temperature-rises. The resulting linear relationship
between the input power and the power absorbed by the
coolant is used to determine the power loss corresponding
to the coolant temperature-rise measured during the actual
test. Both the reference heater and the test device are present
inside the calorimeter in order to ensure almost identical heat
flow patterns and thermal conditions between the calibration
test and the actual test. The test with the reference heater is
called the balance test and such a calorimeter is called the
balance calorimeter. The concept was first used in [6] with an
air-cooled calorimeter for testing cage induction motors. The
balance calorimeter does not require rigorous monitoring of
coolant properties.

B. Power Balance

The total heat dissipated in the calorimeter Pe is the sum
of the motor’s power loss Ploss and the D.C. power supplying

the fans attached to the heat exchanger, Pfan.

Pe = Ploss + Pfan (2)

At thermal equilibrium, the coolant circulating in an ideal
calorimeter absorbs all the heat dissipated in it, Pe = Pwat.
Here, Pwat is the coolant power, the power absorbed by water
as per (1). However, due to heat leakage Pl, the power balance
in a practical calorimetric system, as shown in Fig. 2 is,

Ploss = Pwat + Pl + Pfan

Ploss = Pwat + Pwl + Psl + Pbl − Pfan (3)

Ploss

Pwl
Psl

Pwat

Pfan

Pbl

Fig. 2. Power flow diagram of a practical calorimeter

While the majority of the electrical losses are absorbed by
the coolant, the rest may leak through walls (Pwl), conduct
to the outside through the shaft (Psl) and leak through the
calorimeter’s base (Pbl) by means of the mounting bedplate.
These leakages maybe small but can vary from one measure-
ment point to other. The balance test is handy in resolving this
uncertainty. The resulting linear characteristic, relates Ploss
only with Pwat.

The power loss of a motor, is composed of copper
losses in stator Ps and rotor Pr, iron losses PFe, friction and
windage losses Pfw, and additional load losses or stray losses
PLr. Hence the heat dissipated by the motor in during the
calorimetric test is,

Ploss = PFe + Ps + Pr + Pfw + PLr. (4)

The additional losses PLr are determined as,

PLr = Pin − Pout − (PFe + Ps + Pr + Pfw), (5)

where Pin, Pout are the input electrical power and and me-
chanical shaft power. Different methods for determining
the residual losses exist, but do not give the same results
[11]. So, the residual power is usually determined by the
process of elimination, at each load point. Well established
methods exist for the determination of the other power loss
components.

III. DESIGN CONSIDERATIONS

The calorimetric chamber’s inner dimensions are
140×120×140 cm, which is space enough to house the
motor, calibration resistors and heat exchanger with enough
clearance in between. It is built from polyurethane insulation
blocks with thermal conductivity of 0.023 W/mK. In order



for it to support the weight of the tested motor, the section of
insulation under the motor is topped with 15 mm thick steel
sheet. The measurement times for calorimetric tests tend to
run into many hours; so every effort has to be taken during
the setup’s design phase to minimize these.

A. Wall-leakage

If test conditions remain identical between the balance
test and the actual motor test, the effect of wall leakages
can be factored out and need not be measured. Nevertheless,
it is pragmatic to estimate possible leakages as it helps to
choose a suitable wall thickness. Heat flux escapes the inner
chamber mainly through conduction and convection. Heat
flow equations modelled with a simple thermal network are
sufficient to get a quantitative estimate of the resulting power
leakage.

1) Thermal resistance: The heat a block of insulation
conducts is Pwl,1 = ∆TiλS

d , where ∆Ti is the temperature
difference across the inner and outer surfaces of the insulation
wall. λ, S, d are the insulation’s thermal conductivity, surface
area and thickness respectively. Fig. 3 below shows the con-
ductive heat leakage for various thickness of the polyurethane
insulation at different ∆Ti.

Fig. 3. Wall heat leakage vs. wall thickness

To avoid hotspots, symmetric heat-flows and proper mix-
ing of air inside the calorimeter has to be ensured. However,
it is challenging to determine the nature of air flow inside the
calorimeter. So convective heat-transfer inside the calorimeter
is not modelled analytically. Nevertheless, the heat convection
from the outside walls exposed to the ambient can be roughly
estimated. With a lumped thermal network, the net thermal
resistance Rth of the calorimeter box can be estimated as 1.76
K/W. The inner surfaces of walls are lined with aluminium
sheets of 1 mm thickness to homogenise the wall temperature.

2) Thermal time constant: Thermal time constant is the
time taken to reach 63.2% of the steady-state temperature.
The calorimeter’s time constant depends on the total thermal
mass in the calorimeter, including the test motor and the
measurement equipment. Among these, the motor has the
largest thermal mass; its time constant is usually around 3-4

hours. If the calorimeter’s insulation’s thermal time constant
is greater, it means that temperature changes in the motor will
take longer to be reflected in the calorimeter. The thermal
time constant of the calorimetric insulation box τ is,

τ = CthRth. (6)

Thermal capacitance Cth = cpV ρ, where cp, V , ρ are the
specific heat capacity, volume and density of the insulation
material respectively. Using light materials of low cp such as
polyurethane is thus advantageous.

Correlating time constant with leakage, it becomes ev-
ident that thicker insulation means lower leakage, but also
higher time constant. For a 150 mm thick insulation with
aforementioned physical dimensions, the time constant of
measurement is 2.3 hours. Although leakage is least for a wall
thickness of 400 mm, the time constant is 14 hours, which
is too long. The motor’s maximum operating temperature as
stipulated by standards is 40°C. If an ambient temperature
of 20°C is assumed, then the expected temperature differ-
ence across the walls is around 20°C. As per Fig. 3, the
corresponding power leakage is around 30W for the chosen
insulation thickness of 150 mm.

B. Other leakages

The motor’s shaft made of steel is a good thermal
conductor that can leak heat from the calorimetric chamber.
Depending on the temperature of the loading machine, heat
could flow through the shaft into the calorimetric chamber as
well. To minimize the possibility of convective heat transfer,
the shaft has to be kept insulated from the surrounding air.
So while wall-leakage can be accounted for by calibrating
the calorimeter, shaft and motor-bed leakage likely occur
only when the motor is energised. It is hence favourable to
actively minimize these during the motor tests. To mitigate
the loss of heat through the motor bed, [2] used resistive
heating to minimize temperature difference between the top
and bottom of iron cylinders that supported the motor through
the insulation.

In this calorimeter, the shaft passes through an exact
sized opening in the calorimeter’s insulation wall, and is
supported by bearings on either side. The section of the
shaft outside is then surrounded by a polyurethene enclosure,
to prevent possible convective heat exchange to the outside.
However, heat may possibly leak through the gaps. To prevent
this, synchronous magnetic coupling that provides contactless
power transfer through permanent magnets is used in [2].

IV. NUMERICAL ANALYSIS

While analytical calculations are enough to find the mean
temperatures in the calorimeter, a detailed investigation is
beneficial in understanding the nature of heat flow and air
circulation inside the calorimeter. Poor air movement could
lead to hotspots and poor heat transmission. Hotspots are
undesirable as they could eventually lead to insulation break-
down and subsequent heat leakages. Also, it helps to verify



if the air flow remains identical throughout the calibration
test and actual test runs. In this regard, 3D computational
fluid dynamic (CFD) analysis of an open-cycle air-cooled
calorimeter carried out in [2], [12] was definitely useful.
Additionally, to conform to the motor testing standard [13],
the air temperature in calorimeter should not exceed the
maximum ambient operating temperature of the motor (40°C)
at all times. Since this is a closed calorimetric system, it thus
becomes all the more important to ensure the motor’s ambient
test conditions remain within limit.

The calorimeter’s inner geometry simulated in
COMSOL® Multiphysics is seen in Fig. 4. The heat
exchanger’s structure has been approximated; winding water
channels and numerous thin fins of copper are represented
by a single larger tube and fewer fins, to simplify the
simulation. The motor’s actual maximum total loss at full
load operation, measured through input-output method is 2.8
kW and at no-load operation, it is around 0.7 kW. Convective
boundary condition with a heat transfer coefficient of 0.2
W/mK was imposed along the inner walls. The simulations
are done for an upper limit of 3.5 kW in motor power
loss, with a constant water flow-rate of 5 L/min. The
heat transfer is coupled with turbulent air-flow conditions.
The air movement is driven by three fans on the heat
exchanger and one on the heater. Being a totally-enclosed
fan-cooled (TEFC) motor, the tested motor comes with its
own ventilator. The fans are defined as interior boundaries
with set flow rates. Based on the maximum and average
air-velocity along the motor frame, the motor fan’s flow-rate
is estimated between 2.86 m3/s and 0.17 m3/s. So, for the
simulation, an average flow rate of 1.5 m3/s is chosen. The
flow-rate of each of the heat-exchanger fans is 0.026 m3/s,
and the resistor fan’s is 0.14 m3/s.

In order to verify that conditions are indeed constant
between the balance test and actual test, the motor and heater
are run alternatively as the active heat source at different
power loss values. Fig. 4 shows the temperature distribution
in the scenario where motor is the active heat source, with
power loss of 3.5 kW. When inlet water temperature is
15°C, the numerical solution returns the outlet water tem-
perature at 26.4°C. The same test repeated with heater as
the active source returns outlet water temperature at 21.8°C.
The solution is mesh dependent; the temperature rise of
water increases with a denser mesh of the heat-exchanger.
Parametric sweep to observe the changes at different inlet
water temperatures, from 9-15°C is also carried out. The air-
flow is also mostly homogeneous; but as seen in Fig. 4, the
air is warmer around the active heat source.

V. CONTROL SYSTEMS

To reduce the uncertainty related to the amount of heat
absorbed by fluid, it is sensible to control the mass flow-
rate and temperature of the cooling fluid. This is fairly easy
to achieve, with a volume flow-rate controller. Additionally,
to ensure that the temperature limits of the tested motor
are respected, it is advantageous to maintain a steady inlet

Fig. 4. Simulated temperature distribution inside the calorimeter during the
motor test, where the motor dissipates 3.5 kW in power loss.

water temperature. Since the water temperature of the local
supply system was varying from 7-12°C, it was considered
best to preheat water to a certain fixed temperature before
it enters the calorimeter. The water temperature control is
implemented through a feedback temperature control loop
involving a PID controller, TRIAC power controller and pre-
heater. When deciding on the temperature of the preheated
inlet water, it has to be kept in mind that the inlet water has
to be colder than the air inside the calorimeter; otherwise
no heat transfer takes place. The basic schematic of the
calorimeter and its controls is shown in Fig. 1. The water
volume flow controller from Alicat has a range of 1-5 L/min,
and limits the maximum power that can be measured with this
calorimeter. The temperature measurements are made with
highly accurate Class A and Class 1/3 B Pt-100 resistance
temperature devices. These sensors measure temperatures
of the inner walls, air temperatures at different section of
the calorimetric chamber, including around the motor. Also
installed is a relay switch which shuts off the supply to the
motor if the air temperature close to the motor exceeds 42°C.

VI. TEST PROCEDURE

The temperature measurements of the outgoing coolant
are made after the calorimetric system reaches steady-state
- when the thermal power varies by less than ±1% over a
period of 2 hours or when the coolant’s temperature and flow-
rate vary by less than ±1% over 1 hour. This is as stipulated
in [14]. In Fig. 5 is seen the layout of the calorimetric
chamber, with the balance heater, heat exchanger, and the
motor. The parameters of the tested motor are presented in
Table I.

TABLE I
MOTOR RATED VALUES

Power Pole
pair Voltage, current Cooling Speed Power Factor

37 kW 2 380 V, 73 A TEFC 1470 rpm 0.84
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Fig. 5. The calorimetric chamber, installed with the balance heater, heat-
exchanger, test motor and temperature sensors.

A. Balance Test

The resistor used for balance test is a 6 kW resistive
heater. It is supplied at different power levels to calibrate the
calorimeter. The placement of heater and motor on either side
of the heat exchanger is identical to the COMSOL model’s,
and is done deliberately, in order to generate identical heat-
flows during both balance and motor tests. However, although
the heater’s and motor’s fans have similar flow-rates, the
nature of flow is different. Hence, in order to maintain
identical conditions across both balance and motor tests, the
motor is allowed to freely rotate at its rated speed during the
balance tests. There is little variation in the motor’s rotational
speed at different operating points, so this is acceptable.
Also, the calibration heater’s thermostat and ventilator are
decoupled, so that the fan can be run at all times. So, the
total input power in balance test is the sum of the resistive
heater power, the fan powers of the heater and heat exchanger
and the motor’s frictional and windage loss.

Pe,bal = Pres + Pfw + Pfan (7)

The balance test was carried out at water flow-rates of 2 and
5 L/min. Figure 6 shows the linear relationship measured
between the total input power in the calorimeter and the
power absorbed by water at 5 L/min. The calibration curves
are obtained through linear least squares fitting, which returns
the calibration relationship of (8).

Pwat = 0.951Pe,bal + 0.085 at 5 L/min
Pwat = 0.977Pe,bal − 0.036 at 2 L/min (8)

It was observed that at 5 L/min flow rate, the heat leakage
conditions existing during measurement of powers above
2.5 kW were different from those below. When the power
input to the calorimeter was below 2.5 kW, the coolant

Fig. 6. Caibration curve at water flow-rate of 5 L/min.

powers measured were higher than the supplied input power,
indicating that heat was leaking into the calorimeter. Above
2.5 kW, coolant power was lower, indicating heat leakage
from calorimeter to outside. These measurement points at
5 L/min below 2.5 kW defied the linear characteristics
displayed by the other measurements, and were omitted.
Hence for measurement of power greater than 2.5 kW, the
the calibration for 5 L/min is used, and for those below,
the one corresponding to 2 L/min is preferred. At higher
input powers, the flow rate of 2 L/min is not sufficient
to cool the calorimeter’s inner temperature to 40◦C, at the
existing air flow conditions. So the two calibrations are used
interchangeably.

Measuring motor’s frictional loss
The motor’s frictional loss is estimated through a separate

test. Initially the motor is run in typical no-load condi-
tions, at the rated supply voltage and the power and speed
measured. The motor’s power measured at no-load, rated
voltage corresponds to its iron and frictional power loss,
combined. The supplied voltage is then reduced progressively
in steps; causing the current and power to drop. The speed
measurement indicates that the rotational speed of the motor
remains constant around 1500 rpm throughout. After a point,
the measured power remains somewhat constant, even when
the voltage is reduced. This occurs around 30-40 V, when the
current is too low to magnetize the motor and the iron losses
are negligible. Hence, the corresponding power measured
corresponds only to the frictional and windage loss of the
motor, which is Pfw = 135 W. This test is repeated once the
shaft connecting to the loading machine is installed. The net
loss measured at the end of the test was around 250 W. This
is the sum of machine’s total frictional & windage loss and
the power loss of the two bearings supporting the coupling
shaft. So the power measured in balance test includes also
the frictional loss of one these bearings Pbr, which is located
inside the calorimetric chamber.

Pe,bal = Pres + Pfw + Pfan + Pbr. (9)

B. Motor tests
The motor is supplied sinusoidally at 400 V, 50 Hz from

a synchronous generator which is run by a grid-connected



synchronous motor. The input power to the motor and powers
of the fans of the heat exchanger and the balance heater
are measured by a power analyser, Norma D 6000. For
comparison later, the power loss of the motor was also
determined based on the input-output method. The input
power was measured using the power analyser and the output
shaft power was measured using a torque transducer.

1) No-load motor test: The no-load test is done first
without the load machine coupled, and gives the estimate
of iron and friction losses. The calorimeter’s wall is intact,
and no hole has been drilled in it for the shaft at this point.
The no-load test is then repeated with the hole made, and
the shaft installed, supported by additional bearings. If the
coolant power rise is lower in this case, then it means that
shaft hole is leaking heat.

• No-load motor test with no shaft hole: At 2 L/min, the
calorimetric power measured is 1102 W.

• No-load motor test with coupling shaft installed: The
shaft section outside the calorimeter is enclosed com-
pletely with insulating polyurethane sheets to prevent
convective cooling of the shaft. For the no-load test,
when the machine draws around the same input power
as above, and the fan powers remained the same, the
calorimetric power measured is 1061 W. The difference
of 42 W between these two cases indicates the likelihood
of heat escaping through the shaft hole.

Fig. 7. Front view: The 45 kW load machine (on the left) coupled with the
test motor in the calorimetric chamber. The insulation cover over the shaft
outside is not shown.

2) Other load tests: The power losses of the induction
motor are measured also at rated load (237 Nm) and half-
load. A 45 kW machine coupled to the test motor acts
as its load, as seen in Fig. 7. The output power of the
motor is estimated by means of torque transducer measure-
ments. Typically, the motor reaches steady-state in 6-8 hours.
Temperatures measured from Pt-100 sensors installed in the
D-end and N-end stator end-windings and end spaces are
analysed for this purpose.

Table II lists the results from the calorimetric mea-
surement of the motor at different load conditions. Pwat
corresponds to the coolant thermal power, determined from
the temperature rise of the cooling water as per (1). Pe,bal is
the power which the calorimeter is trying to measure, as per

the calibration curve. However, this power is lower than the
measured electrical power being dissipated as heat inside the
motor, Pe = Ploss + Pfan. One reason for this could be that
the shaft leakage Psl and test-bed leakage Pbl are dominant
during the motor test, as compared to the balance test.

TABLE II
INPUT AND OUTPUT POWERS TO THE CALORIMETER

Load,
flow-rate

Measured
Pwat (W)

Input to calorimeter (W)
Pe,bal

* Pe
**

Full, 5 L/min 2643 2698 2777
Half, 2 L/min 1559 1628 1793
No, 2 L/min 1202 1263 1317

* As per calibration. ∗∗ Measured electrically.

Eliminating the fan losses and the coupling shaft bearing’s
loss, the power loss of the motor Ploss can be determined.
Table III lists the calorimetrically measured motor power loss
corresponding to the coolant powers of Table II and compares
it against the loss measured through input-output method.

TABLE III
MOTOR’S POWER LOSS MEASUREMENTS

Operating
point

Ploss Motor power loss (W) Difference (W)
Calorimetric Measurement Input-output

Full load 2435 2523 88
Half load 1373 1539 165
No load 1009 1063 54

C. Measurement Accuracy

Uncertainty in thermal power measurement: Since the
water flow-rate is maintained constant, its heat capacity too
remains constant. With reference to (1), the coolant power can
then be expressed as a function of inlet, outlet temperatures
and volume flow rate as,

Pwat = kV̇∆T = kV̇ (To − Ti) = f(V̇ , To, Ti). (10)

The uncertainty in measurement of power loss and motor
efficiency is estimated through realistic perturbation-based
estimation (RPBE) as done in [15]. The uncertainty in
measurement of coolant power is,

u(Pwat)

Pwat
=

√(
I1

u(Ti)

Ti

)2

+

(
I2

u(To)

To

)2

+

(
I3

u(V̇ )

V̇

)2

.

(11)
u(Y ) represents the standard uncertainty of a measurand
Y . Ix is the coefficient of influence that variable x has on
Pwat, expressed as the ratio of the perturbation caused by the
uncertainty of x on Pwat.

Ix =
∆x/x

∆Pwat/Pwat

Considering that the sensor’s error limits ±α signify nor-
mal distribution of the measured entity, the standard uncer-
tainty is u(Y ) = α

3 . The flow controller and Pt-100 sensors



used are of high accuracy, and the resulting uncertainty in
thermal power measurement at full-load, when Pwat = 2643
W is 1.04%. The extended uncertainty, expressed with 95%
confidence level is 2.08%. This is within the acceptable
measurement error limit of 2.5% for calorimetry by water
indicated in the measurement standard [14].

Uncertainty in motor efficiency measurement: From
calorimetric measurements, the tested motor’s efficiency can
be determined as,

η = 1 − Ploss

Pin
. (12)

Since this power loss is obtained calorimetrically, u(Ploss) =
u(Pwat). So,

η = f(V̇ , To, Ti, Pin).

The accuracy in input power measurement, from the
power analyzer’s datasheet is ±0.089% at 50 Hz. At
Pin =33.7 kW, the motor’s power loss measured calorimet-
rically is Ploss = 2435 W . Following the same approach as
in (11), the corresponding uncertainty in efficiency measure-
ment is estimated as 0.09%. The extended uncertainty with
95% confidence is 0.18%.

VII. CONCLUSION

A water-cooled calorimeter for measuring the power
loss of a 37 kW induction motor is designed and tested
successfully. The initial design process involved analytical
thermal resistance and time constant calculations followed
by 3D CFD simulations of the calorimetric chamber. The
simulations helped to test the sizing of the calorimeter and
the required air and water flows that ensure suitable test
conditions of the motor.

The calorimeter is calibrated with a reference heater and
identical test conditions are maintained during the motor test
as well. In the motor test, the power absorbed by water is
the sum of the motor’s electrical and mechanical loss, the
external fan’s power and the loss of a bearing supporting the
coupling shaft. The motor losses obtained thus calorimetri-
cally, match the input-output measurements overall. Shaft and
motor-bed leakage exist primarily only during motor test, and
cause the difference. For the highest power measured, the
water cooled calorimeter achieved reasonable measurement
uncertainty of 2.08% for the motor power loss and 0.18% in
the estimation of motor efficiency.
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