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Abstract

Simulation programs often assume constant hydraulic ef-
ficiency for fan or pump models when performance curves
are unavailable. This is inaccurate because the hydraulic
efficiency varies with the operation condition. It there-
fore consistently underestimates the power draw at off-
design conditions at which the hydraulic efficiency drops.
Use of a modified Euler number allows computing the hy-
draulic efficiency and shaft power with limited data. Oth-
ers showed the validity of the modified Euler number for
fan efficiency calculations. We show that it is also applica-
ble for pumps, and present its implementation in Modelica
for a fan or pump model. The only input required from the
user is one data point at which the hydraulic efficiency is at
its maximum. The reported method is applicable regard-
less of the type, size, or operational region of the fan or
pump. Across a sample of eighteen sets of pump data and
seven sets of fan data, the errors of the computed power
from interpolated data were within 15% for the range of
20% - 70% of maximum flow rate and 40% - 90% of max-
imum pressure rise, excluding outliers.

Keywords: fan efficiency, pump efficiency, component
model

1 Introduction

Movers (fans and pumps) are important components in
building energy systems and the accuracy of their com-
ponent models are pertinent to the accuracy of the energy
model as a whole. Often of particular interest is the calcu-
lation of power consumption, which in reality is a function
of mover fluid volume flow rate V, pressure rise Ap, hy-
draulic efficiency 1,4, and motor efficiency 7,;, shown
by

VA
p—_"'2P (1)
nhyd Nmor
Note that the flow work is simply
Wpio =V Ap @)

and the hydraulic work, Whyd, is the mechanical work
transmitted to the shaft of the mover to provide such flow
work with a hydraulic efficiency as
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The hydraulic efficiency is itself a function of volume flow
rate and pressure rise. Calculating power accurately for a
broad range of operating conditions and system configura-
tions, therefore, requires both explicit calculation of vol-
ume flow rate and pressure rise as well as correct charac-
terisation of efficiency as their function.

Conventional building energy modeling programs do
not explicitly calculate both volume flow rate and pressure
rise. Therefore, they rely on similarity laws or polynomial
regressions that calculate power as a function of flow rate
only, implicitly making assumptions about system pres-
sure characteristics and mover efficiency. One particular
danger in this approach was pointed out by Englander and
Norford (1992a) in the case of static pressure-controlled
fans, a typical application for variable air volume (VAV)
supply fans common in U.S. commercial HVAC systems.
There, Englander and Norford (1992a) showed that, be-
cause a static pressure-controlled fan will maintain a pres-
sure rise even at very low flow, power consumption does
not trend to zero as the flow rate trends zero. The simi-
larity laws and flow rate regression polynomials with this
assumption therefore do not hold. Their data showed this
could lead to underestimation of fan power consumption
in cases without static pressure reset strategies. Consider
also that in a typical fan performance map, shown in Fig-
ure 1, the power consumption (indicated by BHP) is non-
zero at zero flow or non-zero pressure rise. Therefore,
these authors proposed a revised polynomial formulation
of power as a function of flow and static pressure set point
in a separate paper (Englander and Norford 1992b). Such
a correlation utilized an offset term determined by static
pressure set point for when flow approaches zero. Similar
correlations were suggested by Hydeman et al. (2003).

Such curves can be implemented by the user in sim-
ulation software such as EnergyPlus (U.S. DOE 2021),
Trace (The Trane Company 2019), and IDA-ICE (EQUA
Simulation AB 2013). However, because this still re-
quires the user to have some information on the mover
and the system, users often use the default curve provided
by the program. One commonly used default curve comes
from ASHRAE Standard 90.1 Table G3.1.3.15 (ASHRAE
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Figure 1. An example of fan curves from the manufacturer. Greenheck Fan Corporation (2012), reproduced as is.

2020) which takes the form

P/P; = 0.0013+0.1470 PLR 4 0.9506 PLR?
—0.0998PLR>, (4)

where P, is the fan power at design condition and PLR is
the flow part load ratio

PLR =V /V,, (5)

where V; is the design flow rate. With this correlation, the
computed power still effectively trends to zero when the
flow rate goes to zero.

While the polynomial regressions represent improve-
ments over the basic similarity laws, they do not gener-
alize to any mover or system and control configuration
where more detailed performance and operating state may
be known through specific mover performance maps and
explicit simulation of the pressure-flow network and con-
trols. Modelica-based modeling has enabled such explicit
network and controls simulation. However, the ability
to represent the whole mover performance map fully and
conveniently is lacking. This includes accounting for the
complex variations in efficiency, especially with low flows
and significant pressure rise, as would be the operating re-
gion of movers operating to maintain a pressure set point
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with little or no reset based on load. Here, low efficiency
likely accounts for significant non-zero power consump-
tion as V reduces to zero in (1).

Therefore, in this paper, we report a Modelica imple-
mentation of a convenient method to represent mover per-
formance with such accuracy. It only requires the user
to provide one data point of 1, V, and Ap where the ef-
ficiency is at its maximum. The method then uses a di-
mensionless modified Euler number and a correlation to
estimate the efficiency and power at any operation point.
This method is applicable regardless of the type, size, or
operational region (stall or non-stall) of the mover. This
method is valuable because it provides the analyst with
more accurate estimation of mover shaft power while re-
quiring only limited information. It thus is applicable at
early stages of design or post-retrofit assessment during
which detailed mover performance data are generally not
available.

2 Methodology
2.1 Efficiencies

Manufacturers often provide fan or pump performance
curves describing how its hydraulic power Whyd (often de-
noted as "shaft power" or "brake horsepower") depends
on V, Ap, and mover speed N. Wy, differs from Wy, by
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a factor of hydraulic efficiency as shown in (3) and from
the total electric power drawn by the mover P by motor
efficiency

Nmor = Whyd / P. (6)

The total efficiency 1 can then be expressed as the product
of the two
N = Nhyd Nmor - (7
The implemented method is based on Whyd and Njyq-
However, in this paper, we also applied this method for P
and n as this was the type of pump data available to us.
For simplicity, the remainder of this work will use n* to
denote either 1 or 1,,4 and P* to denote either P or Whyd.
Through Figure 2 we will show that this assumption has
worked well with our data. We note that U.S. DOE (2014)
shows that 1),,,,; is mostly constant for motors larger than
about 3.5kW (around 5 HP) except when the motor part
load drops below around 40%. To accommodate appli-
cations with small motors or large operating regions, our
implementation of the model allows the user to specify a
separate function for the motor efficiency.

2.2 Modified Euler Number

The Euler number is defined for any medium as

pressure forces

Eu= - " (8)

inertial forces
This can be written as
_ApA _Ap

Eu = ,
PdA  pd

(©))

where p, is the dynamic pressure and A is a characteristic

area. The dynamic pressure is
2 72
vep  Vep
Pa 7 A2’ ( )

where v is the velocity, which is proportional to the volu-
metric flow rate. Substituting (10) into (9) yields

2
Fu— 28PA°
pVv?

arn

U.S. DOE (2021) and Haves et al. (2014) reported
a model in EnergyPlus that describes these multidimen-
sional relationships of fans. The model is based on two
steps: First, it expresses the fan performance using a non-
dimensional equation that is derived from the Euler num-
ber as

Eu* = ApD*

S (12)

where Eu* is the modified Euler number, D is the fan
wheel outer diameter, and p is the medium density at the
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mover inlet. Because D is constant for the same fan and
p is approximately constant across the operating region in
HVAC applications, the ratio of the modified Euler num-
ber can be expressed as

Eu*  Ap V,,2
Euy V2 Apy’

13)

where the subscript p denotes the peak operation point at
which 7,4 attains its maximum, and the quantities with-
out subscript are any operating point.

Second, it expresses the ratio of hydraulic effi-
ciency Mpya/Mnya,p Using an exponential-conditioned
skew-normal function that takes the ratio of the modi-
fied Euler number Eu*/Eu), as an argument. U.S. DOE
(2021) shows that this relationship is remarkably simi-
lar across different fan sizes and types, both within the
stall and non-stall regions. The normalized exponential-
conditioned skew-normal function is

e SXP(=0523) (1+ Zyerf ()

= ;314
z z
Mhydp  exp(—0.522) (1 + &y et (7%))
where
Zy=(x—a)/b, 15)
Zy = (exp(cx)dx—a)/b, (16)
Zy = —a/b, (17)
x = logyo(Eu’ /Eu), as)
and
a=—2.732094, (19)
b=12273014, (20)
¢ =0.196344, 1)
d=5.267518. (22)

Note that with this formulation, the user merely needs to
provide values for V), Ap, and Njyq,p, from which 1,4
can be solved for any operating condition.

U.S. DOE (2021) and Haves et al. (2014) discussed this
similarity in the context of fan but not pumps. But from
(11) and (12) it follows that

Eu*

E
L . (23)
Eu, Eu;

From (23), we conclude that (13) is applicable regardless
of medium, thus it is also applicable for pumps. Next, it
remains to be shown that the empirical relation (14) is also
applicable for pumps. In Figure 2 we overlaid operating
points of fans and pumps to the empirical relation (14).
As can be seen from the figure, pump operation points
also match the empirical relation (14). To the best of our
knowledge, this is the first report that shows the validity
of (14) for pumps. Further validation based on the model
that is described in Section 3 is given in Section 4.
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Figure 2. Normalized efficiency curves in dimensionless space
and mover performance data. Each colour represents one dataset
of seven fan models and eighteen pump models.

3 Modelica Implementation

The Buildings.Fluid.Movers package (Wetter 2013)
of the Modelica Buildings Library (Wetter et al. 2014)
was revised to implement the reported method. The re-
vised model is available through commit 346f5a0 and will
be released in future versions of the Modelica Buildings
Library. In the previous model, the user could provide
either data for P = f(V), or data for 1, = f(V) and
Nmor = f(V). The new implementation separated the com-
putation of the three efficiency terms, 1, Ny, and Myor,
allowing a user to specify two such that the third is com-
puted by Equation 7. The efficiency n* and the power
P* are pre-computed using the Euler number to con-
struct two 2D look-up tables that are implemented using
Modelica.Blocks.Tables.CombiTable2Ds. These
two variables are then found through two-dimensional in-
terpolation during the simulation. There are a number of
rationales for this approach:

1. Storing pre-computed values avoids having to eval-
uate (14) at each time step. This is preferable espe-
cially because (14) is computationally expensive and
not globally differentiable.

2. As can be seen from (18), both Ap and V must be
bounded away from zero to avoid the logarithm at
zero and the division by zero. This is more eas-
ily managed when the power and efficiency are pre-
computed.

3. As can be seen in Figure 2, in (18) and in (13),
Miya — O when either Ap — 0 or V — 0. This
would cause the computed power P to approach in-
finity. Again, this is more easily avoided by using
pre-computed tabulated values.

To construct the tables, the support points are computed
from (14) in 10% equidistant increments as

{Api} 1% = {APmaxi/ 10}, 24)
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where Apyae = Ap(V = 0,n = 1) and n is the normalized
speed, and similarly

{Vt}zlgo = {Vmax i/lO}}BO,

where Vjur = V(Ap = 0,n = 1). The efficiency n* at
boundary points (Ap = 0 or V = 0) is set to zero. The
power P* at these boundary points is extrapolated except
at Ap = 0 and V = 0 where it is set to zero.

4 Validation

We validated the implemented method by comparing the
model output of N* and P* against values interpolated
from performance maps. The peak performance data Ap,,,
V,, and 1, were obtained from the mover curve at maxi-
mum speed. They are then used by the model to compute
the look-up tables. The efficiency and power as computed
by the model were then compared to the original perfor-
mance curves. It is important to note that although full
performance curves were used here to find the peak point
for the purpose of this validation, the user only needs to
provide the peak point to use the model.

4.1 Nominal Speed

Figure 3 shows the validation results using the perfor-
mance curve at nominal speed N = 4100 rpm in Fig-
ure 1. The computed efficiency and power are compared
against values interpolated from the performance map.
Figure 3(e) shows that the fan reproduces the pressure
curve at a constant speed. As can be seen from Figure 3(a)
and Figure 3(b), the computed efficiency closely follows
the values from the performance map for the full range of
V and Ap. The computed power is also accurate for most
of the range but the two curves diverged slightly at high
V and more so at low Ap. Power values computed from
constant efficiencies are plotted through the grey shaded
region. When the efficiency was assumed constant at its
peak value of 7,,; = 0.68, the computed power was al-
ways underestimated. As expected, when a lower value of
Nnya = 0.46 is used for the constant efficiency, the com-
puted power was overestimated in some region and un-
derestimated in some other, as reported by Englander and
Norford (1992a). Either way, if a constant efficiency is
used, the power goes to zero as the flow approaches zero,
which is physically incorrect if the mover continues to cre-
ate pressure rise.

Figure 4 shows the errors from a sample of eighteen
sets of pump data and seven sets of fan data. First, the dis-
tributions of the errors are almost all skewed to the same
direction in each subplot. The errors of n* have tails on
the negative side at high V and low Ap and the errors of
P* are skewed to the opposite direction. Second, with the
outliers and boxes at extreme V or Ap values put aside, the
errors are all roughly within 20%. If the threshold is tight-
ened to 15%, this method provided satisfactory results for
7 in the range of 20% - 80% of V4 and 30% - 90% of
AP pax, and for P in the range of 20% - 70% of V.., and
40% - 90% of Apax, excluding outliers.

(25)
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Figure 3. Hydraulic efficiency and power values that were interpolated from the performance map (red lines) and computed by
the model (blue lines). The grey shaded area is bounded by the simplified assumption of a constant hydraulic efficiency between
Nnya = 0.68 (peak of this fan) and 1;,¢ = 0.46 and shown here to visualize the wrong results of this oversimplification.
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4.2 Reduced Speed

We also validated the method for reduced speed. Figure 5
shows the power computed by the implemented method
compared to interpolated values at three different speeds.
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The interpolation was done from Figure 1 at N = 4100
RPM (n = 1), 3400 RPM (n = 0.83), and 2500 RPM
(n = 0.61). The figure shows that the error patterns are
remarkably similar across the different speeds.
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5 Discussion

Figure 4 shows that the error distributions within each sub-
plot are skewed to the same direction. The errors of n* are
consistently negative. This is likely caused by the fact that
the global maximum of efficiency is above the curve of
maximum speed, which leads to 1), being underestimated.
Because 1 is computed based on 1, n* will also be con-
sistently underestimated. Consequently, the errors of P*
are skewed to the positive side as P* o< 1/0*.

Figure 5 suggests that, when compared to the manufac-
turer data, the increased discrepancies of Wy, mostly oc-
cur at the lower right region of the fan performance map.
A properly-sized fan or pump should operate somewhere
near the midpoint on its nominal speed curve at full load.
At reduced load, its operating point moves to the left be-
cause of reduced flow. A mover is therefore unlikely to op-
erate in this region in which the discrepancy is the largest.

Besides 1,4, the implementation allows the user to
specify Mo as well, although the part-load behaviour of
Nmor 15 beyond the scope of this work.

We note that the Euler method does not reproduce ef-
ficiency degradation along constant system curves, e.g.,
along the curves Ap = kV?2, for any constant kK > 0. This
limitation follows from (14), which has the functional
form

Nhyd
Nhyd,p

= fv)

Ap Vp2
fllog| = —
V2 Ap,

— f (logio(Eu" /Eu))

))

(26)
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As Vlf and Ap, are constants, the functional depen-
dency (26) can be further reduced to

(%)

Therefore, the efficiency 7,4 is constant along any
curve Ap = kV?, and it remains at its peak along the
curve for which k = Ap, /sz. This is in line with the
simplification often used by fan manufacturers to gener-
ate fan curves at different speeds (Stein and Hydeman
2004) and this simplification is explicitly permitted by
ASHRAE Standard 51-16 (ANSI/AMCA Standard 210-
16) (ASHRAE 2016). For this reason, fan or pump perfor-
mance maps whose reduced-speed performance is mea-
sured are difficult to find. Turbines share similar fluid-
flow principals to fans and pumps and their performance
maps often display contours of constant efficiency that
suggest that there is no constant efficiency line along such
a quadratic curve (e.g. Leylek (2012) and Garrett Motion
(2019)).

This further indicates that the Euler number method
is less accurate than using the measured data at reduced
speed. However, such measured data are rare for fans or
pumps. In this case the reported method has the same ac-
curacy in theory and it would depend on whether the user
finds it more convenient to only use one data point of peak
operation instead of entering a whole curve into the model.
Still, it is important to emphasize that the Euler number
method is implemented to help with the situation where
the mover data are unavailable.

nhyd
Nhyd,p

27
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6 Conclusion

This work describes the Modelica implementation of a
method that computes fan or pump efficiency and power
using the dimensionless Euler number. With this method,
the only input required from the user is the flow rate, pres-
sure rise, and hydraulic efficiency at the peak operation
point where the hydraulic efficiency is at its maximum.
This practice is valuable because it provides the user with
an accurate computation that requires only limited data,
and it does not suffer from the errors that occur if a con-
stant efficiency is used.

The implemented method was validated with seven sets
of fan and eighteen sets of pump data obtained from manu-
facturers. Across the sample and between the values com-
puted from the reported method and from interpolation
of manufacturer data, the errors of efficiency were within
15% in the range of 20% - 80% of V4 and 30% - 90%
of Apax, €xcluding outliers. The errors in power were
within 15% in the range of 20% - 70% of Viax and 40% -
90% of Apax, excluding outliers. The errors were larger
when V was high or when Ap was low. These discrepancy
patterns remained largely the same at reduced speeds. Be-
cause the increased discrepancies mostly occurred in a re-
gion in which a properly-sized mover is unlikely to oper-
ate, they have little effect on the accuracy of this method
compared to using manufacturer data in common HVAC
applications.

The paper shows how an underestimated peak effi-
ciency introduces consistent and systematic errors. Im-
proving the methodology for finding the peak efficiency
on the manufacturer-provided power map would increase
the accuracy of the model. Furthermore, more uncertainty
analysis is needed to understand how the errors of the es-
timation of the peak point influence the errors of the com-
puted efficiency and power. Understanding the uncertainty
is important for this application because it is intended to
be used when the user has limited information and must
make reasoned estimations.
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