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ABSTRACT

A large portion of energy use in buildings is atlited to air movement devices. Accurate estimatiofan

performance is a key element in maximizing fancedficy. This study proposes a new fan model thatea
used in several applications such as optimizatimh fault detection and can also be incorporatea amty

commercial building models. The model uses a nwaksinalysis based on an interpolation techniquéht®
data generated by basic fan laws. It can use amyanables among all four variables of airflonesabtal fan
pressure, speed and power as inputs or outputshémadvantage of this model is the flexibilityusfing any
size of data for calibration, obtained either froranufacturers or field measured data. The modeltessd
for accuracy using two different manufacturersadatt roof top unit packages with capacity rangirogf 2 to

20 tons. Furthermore, the model was evaluatedestdd on an actual VAV system using three montlosthw
of measured data. The results show that the madepoovide accurate estimation with the Coefficieht
Variance (CV) less than 2% and it can be usedeeeral applications.
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1. INTRODUCTION differential pressure and fan speed. The succeskiof
technique is related to the model accuracy and the
A large portion of energy use in buildings is amount of data to be collected on site for calibratin
attributed to energy use in air movement devices.simulation software application, the designer lmside
Heating, cooling, ventilation and refrigeration in airflow and fan pressure as inputs to the fan madel
residential and commercial buildings consumed 8.2order to calculate fan power.
guads of primary electric energy in 2006 and an There are several models proposed in literature
estimated 2.4 quads are expended through the maweme (Nassif et al., 2008; Stein and Hydeman, 2004,
of indoor and ventilation makeup air in commeraat Brandemuehlet al., 1993; Clark 1985; Nassif, 2008).
institutional buildings (EERE, 2010; Dieckmaenal., Those models do not provide flexibility in selegtithe
2010). Accurate estimation of fan performance legn input and output variables and have their limitagion
element in reducing energy consumption associatdd w many applications. The simple model in DOE-2 (DOE,
fan operations. In existing systems, optimization, 1980) and HVAC 2 toolkit (Brandemueht al., 1993)
intelligent control and fault detection and diagios uses a third order regression model in order imagt the
need an accurate model to estimate either farowainthte power as a function of airflow rate. The detaileddel in
and power or static pressure and power. AnotherHVAC 2 toolkit (Brandemuehkt al., 1993), based on
application is the use of the modern airflow statio Clark’'s model (Clark, 1985), characterizes the fan
technique (Jooet al., 2007). The fan model can performance in terms of pressure rise across thefa
determine the airflow by using the measured fan shaft power. The detailed model does not permitlitest
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calculation of fan power from airflow and pressute.
requires both airflow and fan speed as inputs toetade
the efficiency to the dimensionless flow term.

This study proposes a new fan model that can b& use

in several applications and can also be incorpdratt

any commercial building models. The fan model uses

numerical methods based on an interpolation tecieniq
from data generated by basic fan laws. It can blerated
with two or more data points for better accuracging
the variables of airflow rate, total fan presssmeed and
power, the model is flexible in using any two obsk
variables as inputs or outputs. The model propaséais
study will overcome the aforementioned existing elod
limitations by selecting any input or output vate&band
any set of data for calibrations. To test the motieb
different manufacturers’ data of roof top unit pag&s
with capacity ranging from 2 to 20 tons (7 to 7kVE) are
first used. Then the model is tested and evaluatedn
actual Variable Air Volume (VAV) system using three
months' worth of measured data.

2. FAN MODELS
2.1. Model Description

Many models have been proposed in literature. The

Simple Fan Model (SFM) in DOE-2 and HVAC 2 toolkit
(Brandemuehkt al., 1993 and DOE, 1980) uses a third
order regression model to estimate the power Wa as
function of airflow rate Q as follows Equation 1:

Q

& 2 Q 3
Qrat} i q{ Qrat]

The W, and Q@ are the rated power and airflow rate.
This model requires at least four different opatapoints
to find the polynomial coefficients ¢CC;, C, and G).
Simulation software generally uses default valmesleft
options, as user inputs. The model is based on th
assumption of a single system curve and constasspre
rise across the fan (Stein and Hydeman, 2004). Menvin
real applications such as VAV systems, the systemec
varies with the relative changes in the dampertipasi of
VAV boxes and the pressure rise is not constanttdue
various load and static pressure reset controfitiiga

The other model in HVAC toolkit is a Detailed Fan
Model (DFM) (Brandemuetldt al., 1993; Clark, 1985). In
this model, the fan performance is characterizetbims
of pressure rise across the fap) and shaft power (W). It
uses the dimensionless coefficients of flal),(pressure
head () and shaft powem(), as follows Equation 2 to 4:

WS=CO+QQ+Q( o

W, Qrar

rat
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where, d is the fan diameterjs the air density and N is
the fan speed. The performance of a fan is reptredday

a fourth order polynomial regression of the
manufacturer's data using these dimensionless
coefficients Equation 5 and 6:

WY=a,+ad+ ad’+ gb’+ gb* (5)

Ny =by + b® + bo* + bd*+ bd* (6)

The coefficients, ;aand b are determined from the
manufacturer’'s data.

The main problem of this model is that the model
assumes fixed peak efficiency for fans of all sizes
(Stein and Hydeman, 2004). In addition, the moasasd
not allow direct calculation of fan efficiency from
airflow and pressure. It is required to use airflamd fan
pressure as inputs to calculate fan speed andeefiz.

As a result of these shortcomings, a fan model is
proposed in this study. The proposed model is based
numerical analysis and an interpolation technidqurettie
data obtained by principle fan laws. This model allbw
the user to select any two variables as inputsugpubs
among all four variables of air flow Q, total press P,
speed N and power W. The model needs at least two
different operating points for calibrations, obtinfrom

$nanufacturers or measurements, referred to heMDas
The model output and the model inputs are refetoed

here as MO and MI, respectively. The procedurarta f

the model output MO is described below:

Given:

MD =[Q, P, N, W] = [Flow, Pressure, Speed, Power]
Inputs:

Ml = [MI 4,MI,] = [P,N], [Q,P], [Q,N], [P,Q], or etc.
Outputs:

MO = [MO4,MO;] = [Q,W],[N,W],[P,W],[W,N],or etc.
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To find the outputs, the Internal Variables (IVear
first generated from fan laws and using one vagiaifl
the input (ML):

IV =fan laws ( MD, ML)

To find the variables of the poinBan interpolation
technique such as linear or polynomial interpolatie
used. Both the linear and polynomial interpolation
techniques were tested and the results were albeut t
same. Thus, to simplify our discussions, only thedr
technique is discussed. Thus, the model outpufs g

Second, the model outputs MO are then found fromEQuation 10 and 11:

any interpolation/extrapolation techniques suchiresar
or polynomial interpolation:

MO =interpolation / extrapolatioff IV, M)

Three examples below show the implementation of *°

the aforementioned procedure.

Example 1

In this example, it is assumed that there are two

operating points (A and A) obtained from the
manufacturer's data or by performing on-site

N.,—N N.,—N

Quo = B2 BO x Q, +- B0 B:le2 (10)

° Ng, = Ng, o Ng,~Ng; °
:NBz_NBonBl_,_NBo_NBleB2 (11)
Ng, = Ng; Ng,~Ng,

Example 2

In this example, a set n of operating data is atél
for the model calibration:

measurements. Those points are used for the model MD = [A1, Ay,...,A)], measured dataAA,,..., Ay

calibration and depicted iRig. 1 that also shows typical
fan characteristic performance curves. The opeyatin
points (A and A) contain the measured variables of
flow rates (Q; and Q.,), total static pressures fPand
Pa2), fan speed (N and Ny) and fan power (W and
Wao). Thus, the objective is to find the airflow ra@g,
and fan power \A (point B,) from the total fan pressure
Pgo and speed .

Available data for calibrations,/Aand A:

MD = [QA1,PA1, NAl,WAlv Qo R No » W,

* Inputs: Total fan pressuresfPand speed M, Ml =
[Pso: Nao]

* Outputs: The airflow rate £ and fan power 84
MO = [Qgo, Wed

e |V = Internal variables generated from fan laws (B1
and B2) using the input fan static pressurgg)(P
where (Bo= Ps1= Ps») Fig. 1Equation 7 to 9:

0.5 0.5
P P
Qg = QAl[PBO] Qe = QAz[FfOJ (7)
Al A2
P 15 P 15
W B =, B ®
Al A2
p 05 B \°8
N. =N BOJ N.,=N [BOJ (9)
Bl Al( PAl B2 A2 Rz
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Where:

An = [QAn, l:)Ana NAn,WAn]T
Ml = [Pgo, Nao]
MO = [Qgo,Wed]

The procedure to find the outputs (airflow ratgy Q
and fan power W) is described below.

The data are first generated from fan laws based on
input fan static pressurgdEquation 12:

Qs = Qo {P] W = W, [PJ .

PBi Fé'

P 0.5
J fori=1,..n

BO
Bi

12)
NBi = NBO(

Then, using linear interpolation, the model outputs
are Equation 13 and 14:

N

W e (9
where, @ <Qgo< Qgj+1.
Wy = {8780, o+ 80, (14)
Bi+l Bi Bi+1 Bi
where, W <Wgo< Wejss.
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Fig. 1. Fan and system performance curves
3. RESULTS 3.1. Model Evaluation Using Manufacturers’

Data

The proposed model is first evaluated using a Bet o . ,
fan performance data obtained from two different To evaluate the model using the manufacturers’,data

manufacturers A and B for roof top unit packagethwi first three data points (n = ,3) W_ith low, mediundarigh
capacity ranging from 2 tons to 20 tons (7 kW o270 airflow rates for model calibration are selecteshirthe
kw). Second, the model is validated against dataavailable set of mqnufa(_:turers’ dat‘f" (120 operal'n_)igts).
collected from an existing system. The Simple FanThen the mode_l is validated against the re_malnlagid
Model (SFM) and Detailed Fan Model (DFM) described (120-3 = 117)Figure 2 af‘d 3show a comparison of the
above are also considered along with the proposed F power and pressure obtained from manufacturers afah

Model (FM). The Coefficient of Variance (CV) is use 15 ton (52.7 kW) pgckage u-n|t and S|mulateq bY .SW
as a statistical index for the model accuracy. Ha t and DFM. The straight line is a one-to-one lineldating

evaluation process, different sizes of data requfior agreement between the actual ar_1d S|muIaFed_ data. As
L . . discussed before, the simple model is based omdjrahly

the model calibration are considered with threeesasf i .

. " ) the power as a function of airflow rate and the ehatbes
variable combinations: -
not respond to the variations of pressure at avgngilow.
Case-l As the manufacturer's data includes a set of poavet
pressure combinations at a given flow, the simpbeleh
produces always the same power and does not respond
the pressure variations. The SFM fails to follove th

Inputs:  Pressure and speed
Outputs: Airflow and power

Case-ll variation of the fan pressure at a given airflove rand the
Inputs:  Air flow rate and pressure model errors are very large (the coefficient ofarmze CV
Outputs: Speed and power is around 50%). The detailed model DFM can impritwee
Case-lll results and the simgla}ted power somewhat folloves th
pressure patterns. Similarly, the proposed fan mbbie
Inputs:  Airflow rate and speed can further improve the results and the CV drops.586
Outputs: Pressure and power when only three data points (n = 3) are used fitorasion.
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However, the simple model needs four different aieg
points (n = 4) and the detailed model uses fivatpdhn = 5)
to find the polynomial coefficients. The accuradytioe

the airflow rate (case-l) by the proposed model iEM
1.46%, compared to the CV of 12.5% in the detailed
model. The average CV when the power is simulated b

calibration, for instance, by using four data peint= 4
instead of three n = 3, the CV will drop to 1.528igure
4 shows the variations of CV due to the size n fabdon
package unit (for airflow rate of Case-l and Mawtdeer
A). The accuracy increases significantly with ayéarset
of data n used for model calibration, as a smadrial
will be used for interpolation.

Table 1 and 2show the CVs resulted by comparing
the airflow rates obtained from two different
manufacturers and simulated by the proposed madel f
various sizes of rooftop package units. The tableswy
the CV for case-l and only for the airflow rate juts,

3.2. Model Evaluation Using Measured Data

The proposed model is evaluated on an existing VAV
system. The simulated results are compared with
measured data collected from the existing VAV syste
under normal operations and covering three momifay (
June and July). The data were collected at 5 nb@mvals.
Different operating data were selected for the rhode
calibration. For example, when the size of the data =
5, five different operation conditions with airflorates of
100, 85, 75, 60 and 50% of design airflow ratechi@sen.
The design airflow rate is 25000 L/s (53191 CFM).

whereas the results of other cases are summarized {Fi9ureé 5 and 6 show the airflow rate and power
Table 3 The average CV and the standard deviationcomparisons for only five days. Howev&able 4 shows
STDs of the CVs are determined from the CVs’ valuesthe CV results for the three months. The proposedat

obtained from various sizes of the package unit® (20
tons). It also includes the results from the dethifan
model calibrated by five operating points n = 5case-
I, the detailed fan model DFM simulates the airfleate
using the iteration technique. Initial value of fdw rate
is assigned and then the calculation is repeatdd un

FM provides very accurate results comparing tcstheple
and detailed models. For instance, the CV forairftate
estimation drops from 11.2 to 3.12% by using the FM
model instead the detailed model. Using the tera dat
points for model calibration, the CVs for the FMear
within 1.37-1.89%. These results indicated that Fihé

convergence. The proposed model FM provides aeeurat model can accurately simulate the airflow rate sguee,

results for the same size of data n = 5. For tha d&
manufacturer A, the average CV resulted by calmgdat

speed, or power and the accuracy increases seymtifjc
by increasing the data size n for the model calitma

650 T T T T T
oFM.CV=5.1%
‘DFM,CV=11%

500
450
400

Actual pressure Pa

|
200 250

300 350 400 450

Simulated pressure Pa

Fig. 2.A comparison of the pressure collected from theufecturer's data of a 15 ton (52.7 kW) packagé and those simulated
by the proposed model FM, simple model SFM andiléetaodel DFM
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Fig. 3. A comparison of the power collected from the mactifrer’'s data of a 15 ton (52.7 kW) package umit those simulated
by the proposed model FM, simple model SFM andiléetanodel DFM
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Fig. 4. The variations of CV resulted by the proposed rauadiin the data size n used for model calibratiod for the 15 ton (52.7
kW) package unit (for airflow rate of Case-l andriéacturer A)
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Fig. 5. A comparison of the air flow rates measured amdukited by proposed fan model FM and detailed m&de¥l for an
existing system under normal operations (Five dayday)
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Fig. 6. A comparison of the fan power measured and simiilayeproposed fan model FM and detailed model DEMah existing
system under normal operations (Five days in May)
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Table 1.CVs resulted by comparing the airflow rates ol#difrom the manufacturer (A) and simulated by tteppsed model with
different data sizes n used for the model calibreti(Case-I)

Sizen=2 Sizen=3 Sizen=5 Sizen=10
manuf. A manuf. A manuf. A manuf. A
2 tons (7 kW) 7.02 4.22 1.46 0.95
3tons(10.5 kW) 8.34 5.67 1.12 0.98
4 tons (14 kW) 7.01 5.11 1.90 1.01
5tons (17.6 kW) 6.55 4,99 1.22 0.97
6tons (21.1 kW) 6.77 4.89 1.38 1.14
7.5tons(26.3 kW) 8.21 5.35 1.77 1.11
8.5tons(29.8 kW) 7.89 4.87 1.16 1.15
10tons (35.1 kW) 6.88 4.76 1.67 1.33
12.5tons(43.9 kW) 7.55 5.37 1.01 0.94
15 tons (52.7 kW) 7.42 5.55 1.51 1.19
17 tons 59.7 kW) 7.36 5.01 1.88 1.44
18 tons (63.2 kW) 6.87 4.66 1.57 1.03
20 tons (70.2 kW) 6.99 4.44 1.31 1.23
Average 7.30 4.99 1.46 1.11
Std 0.54 0.41 0.28 0.15

Table 2. CVs resulted by comparing the airflow rates olgdifrom the manufacturer (B) and simulated by ttoppsed model with
different data sizes n used for the model calibreti(Case-1)

Sizen=2 Sizen=3 Sizen=5 Sizen=10
manuf. B manuf. B manuf. B manuf. B

2 tons (7 kW) 7.32 4.12 1.53 1.08
3tons(10.5 kW) 9.78 4.89 1.11 1.11
4 tons (14 kW) 8.81 5.75 1.53 1.04
5tons (17.6 kW) 7.89 5.11 1.88 1.03
6tons (21.1 kW) 7.24 5.01 1.56 1.27
7.5tons(26.3 kW) 6.89 5.43 1.88 1.26
8.5tons(29.8 kw) 6.49 4.22 1.77 1.33
10tons (35.1 kW) 7.81 5.76 1.04 1.49
12.5tons(43.9 kW) 8.35 5.33 1.54 0.96
15 tons (52.7 kW) 8.32 5.66 1.54 1.12
17 tons 59.7 kW) 6.89 5.23 1.12 1.54
18 tons (63.2 kW) 7.17 4.75 1.07 1.36
20 tons (70.2 kW) 6.56 4.56 1.55 1.44
Average 7.99 5.06 1.47 1.23
Std 0.92 0.52 0.28 0.18
Table 3. A summary of CV results for various model outp@sase-I, Case-Il and Case-lll)

Proposed fan model Detailed

fan model

Manufacturers Sizen=2 Sizen=3 Sizen=5 ize 8=10 Sizen=4
Cases Outputs  Indexes A B A B A B A B A B

Case-| Airflow  Average (CV) 7.30 7.99 4.99 5.06 a.4 1.47 1.11  1.23 1250 13.50
STD (CV) 0.54 0.92 0.41 0.52 0.28 0.28 0.15 0.180.98 1.08
Power Average (CV) 7.28 7.10 571 5.94 3.49 3.32 441 1.82 9.02 13.46
STD (CV) 0.71 0.60 0.57 0.52 0.33 0.34 0.15 0.161.33 0.99
Case-ll Airflow  Average (CV) 7.29 7.43 5.90 503 49. 3.50 1.13 1.65 10.60 13.86
STD (CV) 0.61 0.78 0.60 0.54 0.40 0.37 0.09 0.131.20 1.26
Power Average (CV) 7.42 6.65 5.48 5.31 3.88 3.40 .611 1.10 12.75 11.05

STD (CV) 0.64 0.69 0.52 0.54 0.30 0.35 0.14 0.121.50 1.40

Case-lll  Airflow  Average (CV) 6.37 7.62 5.59 5.62 .43 3.32 122 098 13.16 13.61
STD (CV) 0.77 0.70 0.60 0.53 0.40 0.32 0.08 0.141.27 1.25

Power Average (CV) 7.91 6.09 5.08 5.99 3.73 3.24 991 159 10.65 12.50
STD (CV) 0.72 0.78 0.56 0.55 0.33 0.37 0.14 0.111.12 1.17
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Table 4.CVs obtained by comparing the simulated resultsatual data for a period of three months
Proposed model

DFM SFM

Cases Outputs Sizen=2 Sizen=2 Sizen=5 rSizé0 Sizen=5 Sizen=4
Case-| Airflow 9.12 5.42 3.12 1.71 11.20 -

Power 8.56 6.11 3.32 1.78 12.30 -
Case-ll Speed 10.31 6.81 3.87 1.89 10.86 -

Power 9.44 7.21 3.93 1.22 10.54 16.54
Case-lll Pressure 8.45 4.89 3.05 1.46 9.59 -

Power 9.02 6.12 3.75 1.37 10.54 17.21

4. CONCLUSION Clark, D.R., 1985. HVACSIM+ building systems and

equipment simulation program: Reference manual.

The fan model proposed in this study uses a  NBSIR 84-2996, U.S. Department of Commerce,
numerical analysis based on the interpolation teghen Washington D.C.
for the data generated by basic fan laws. The madsl DOE, 1980. DOE 2 reference manual, Part 1, Version
tested for accuracy using data obtained from two  2.1. Lawrence Berkeley National, Department of
different manufacturers and an actual VAV systeine T Energy. _
results indicated that the model can accuratelulire ~ Dieckmann, J., K. McKenney and J. Brodrick. 2010.
the airflow rate, pressure, speed, or power and the E)/I?)nvj:ebrlse A‘;?_ﬂgzgcg gg_"gg’GZPa” 2: VFDs for
accuracy in term of the coefficient of variance B\ess : o Do 20TRe
than 2%. The model is able to use any two variablesEERDE’ 20t10. %00? Ewldmgs Eenergy (E;f"‘.bmk' U'dS'
among all four variables of airflow rate, total fan epartment o nergy, Energy iciency an

pressure, speed and power as inputs or outputssikry Renewable Energy.
of data can be used for the model calibration, inbth J00, I.S. M. Liu and G. Liu, 2007. Application cdrf

ither f ; field 4 d airflow stations in air-handling units. Energy Eng.
either from manufacturers or field measured data.  104. 6680, DOI10.1080/01998590709509494
However, the accuracy increases significantly thhou

! - " : - Nassif, N., S. Moujaes and M. Zaheeruddin, 200%:- Se
increasing the data sizefor the model calibration. The tuning dynamic models of HVAC system

fan model can be used for several applications ssch components. Energy Build., 40: 1709-1720. DOI:
optimization, fault detection, modern airflow steti 10.1016/j.enbuild.2008.02.026
technique and any commercial building models. Nassif, N., 2008. Performance analysis of supplg an
return fans for HVAC systems under different
5. REFERENCES operating strategies of economizer dampers. Energy
Build., 42: 1026-1037. DOLl:
Brandemuehl, M.J., S. Gabel and |. Andersen. 1293. 10.1016/j.enbuild.2010.01.015

toolkit for secondary HVAC system energy giein J. and M. Hydeman, 2004. Development and

calculation. ~ American ~ Society ~of Heating, testing of the characteristic curve fan model.
Refrigerating and Air-Conditioning Engineers ASHRAE Trans.. 110: 347-356.
ASHRAE, Inc. ’
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