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SUMMARY 

This paper presents air-cooled condenser fan inlet airflow uniformity index as a metric that can 

estimate the severity of the reduction in fan volumetric performance and the increase in dynamic 

blade loading under windy conditions. Based on both numerical simulation and on-site 

experimental data, uniformity index was shown to have a proportional relationship with fan 

volumetric effectiveness and dynamic blade loading. 

INTRODUCTION 

Background 

Mechanical forced-draft direct air-cooled steam condensers (ACCs) are widely employed as a 

condenser technology in thermal energy system. ACCs use large axial fans to force ambient air 

through A-frame heat exchangers (Figure 1) and reject the required heat load and maintain the 

turbine backpressure at or near the design point. The thermal performance of an ACC is directly 

influenced by ambient wind, causing a reduction in fan volumetric performance with increasing 

wind speed [1]. Furthermore, ACC thermal performance is indirectly influenced by ambient wind 

due to increased dynamic fan blade loading of the upwind edge fans, which can result in physical 

damage to the fan blades [2] and subsequent downtime for repairs. 

Wind effects on ACC fans are caused by an increase in the horizontal velocity component (cross-

flow) of the air moving beneath the fan platform under windy conditions. High cross-flow past the 

fan inlets causes distortions in the inlet flow distribution [3]. The non-uniform inlet flow 

distribution negatively affects the fans’ ability to deliver their rated air volume flow rate [3] and 
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results in a variation in aerodynamic loading on the fan blades as they rotate through the non-

uniform flow field [4]. There are two types of cross-flow related inlet flow distortions identified in 

the literature: flow separation at the fan inlet [3,5] and off-axis inflows [6,7] (shown in Figure 1). 

The flow separation at the fan inlet is considered the dominant cause of the wind-related 

degradation in fan volumetric performance [3] and increases to dynamic fan blade loading [8]. 

 

Figure 1: ACC schematic showing primary components and wind effects 

On-site measurement of ACC fan volumetric performance is done using propeller anemometers 

placed at various radial and tangential locations on the fan’s inlet safety grid [2,9]. These 

anemometers are used to measure the axial velocity at these fixed locations within the fan inlet and 

are subsequently used to calculate the volume flow rate or average axial velocity through the fan. 

The CTI-PTG-143 standard [10] recommends 40 anemometer measurements (four quadrants with 

ten measurements at equal radial spacing per quadrant) for fans with diameters exceeding 20 ft., as 

is common in ACCs (typically around 36 ft.). This makes continuous measurement of on-site 

airflow difficult as the process requires a large amount of measuring equipment. On the other hand, 

dynamic fan blade loading can be accurately evaluated using bending strain measurements, 

typically using strain gauges attached to the root of a fan blade in a full-bridge configuration [9]. 

This requires access to the fan blades and for the fan to be stopped, which is not always possible at 

an operational plant. 

Wind effects on ACC performance are often investigated numerically using computational fluid 

dynamics (CFD) [11,12] due to the limitations of on-site measurements (uncontrollable 

environmental variables, specialist measurement equipment, site-specific results, and the difficulties 

of accurately measuring on-site wind speed). Most numerical studies tend to focus on fan 

volumetric performance due to the challenges related to the prediction of dynamic blade loading. 

Dynamic blade loading can, however, be approximated numerically. This has been done by either 

utilising a blade element theory-based fan model that makes it possible to calculate a flap-wise 

bending moment distribution [7,13] or by analysing the variation in static pressure within the fan 

rotational plane [14]. Of the two methods, only the flap-wise bending moment distribution method 

has been directly evaluated against experimental blade loading trends [15]. 

Motivation and aim 

Literature relating to ACC fans and wind effects includes numerical and experimental studies that 

tend to focus on either volumetric performance or dynamic blade loading due to the difficulties 

related to determining the former in experimental work and the latter in numerical work. That these 

performance metrics are related is implicit since they are both affected by the same phenomena 

(distorted inflow).  
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Laboratory research [8] has indicated that the uniformity of the axial velocity inflow of a fan could 

be used to indicate the severity of dynamic blade loading. Furthermore, the uniformity of the axial 

velocity should have a proportional relationship with the average axial velocity of the fan, as the 

axial velocity inflow distribution infers the state of the fan’s volumetric performance. For a uniform 

distribution, the fan is likely to be operating close to design conditions. As a result, the fan’s inflow 

uniformity was identified as a metric of interest.  

This study used a numerical CFD-based approach to investigate the relationship between ACC fan 

inflow uniformity, quantified by means of a uniformity index (Eq. (3)) and both fan volumetric 

performance and dynamic blade loading under windy conditions. The numerical correlations were 

also validated against on-site experimental test data obtained from a third party. 

NUMERICAL MODELING 

Numerical ACC model 

A brief overview of the numerical CFD-based model is given in this section. The ACC model 

consisted of 3 × 6 simplified fan cells (depicted in Figure 2 (b)), with each cell consisting of an 

axial flow fan, an A-frame heat exchanger and a steam supply duct. Figure 3 shows the component 

configuration and numerical mesh that was used for the fan cells.  

 

Figure 2: (a) Top view of the computational domain and (b) the 3 × 6 fan array layout 

The 3 × 6 cell ACC was placed in the flow domain shown in Figure 3 (a). The figure indicates the 

inlet and outlet boundaries, as well as the wind direction definition (βw). The wind speed (vw) and 

direction range investigated with the numerical model were 1 ≤ vw ≤ 11 m/s and -90˚ ≤ βw ≤ 90˚. 

The domain dimensions are based on Franke et al.’s [16] recommendations for computational 

modelling for wind engineering purposes. The ACC’s longest dimension was used as a conservative 

characteristic length (Lc) with a domain height (z-direction) of 6 Lc. Richards and Hoxey’s [17] 

atmospheric wind boundary condition was used in the numerical model. They define the profiles for 

the z-velocity, turbulent kinetic energy and dissipation rate needed to simulate a horizontally 

homogeneous turbulent atmospheric boundary layer when using a k-ε turbulence model. The k-ε 

realizable turbulence model was used in this study which is consistent with other numerical studies 

in this research field [18,19].  

The heat exchangers were modelled using porous media zones with appropriate momentum sink 

and energy source terms to replicate the finned tube heat exchangers’ flow resistance and heat 

transfer rate. The momentum sink terms for the x, y and z momentum equations were defined by the 

Darcy Forcheimer equation with the viscous and inertial loss coefficients derived from empirical 
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pressure loss coefficients correlations obtained from [20]. The energy source term was calculated 

using the effectiveness-number of transfer units method of heat exchanger analysis [21]. 

 

Figure 3: Numerical fan and heat exchanger mesh 

The axial flow fans of the ACC were all modelled using the Extended Actuator Disk Fan Model 

(EADM) (described in detail in the following section), as was used by Venter et al. [19] and 

Engelbrecht et al. [18]. The axial flow fans modelled were based on a commercially available 

industrial axial fan. Table 1 lists some of the specifications for this fan. For more specific details on 

the numerical model such as solver settings and grid sensitivity analysis refer to [22]. 

Table 1: Axial fan specifications 

Parameter name  Value 

Fan diameter df 10.363 m 

Hub diameter dh 1.4 m 

Number of blades nb 9 

Rotational speed N 93.2 rpm 

Design flow rate
a
 �̇� 576.54 m³/s 

Design pressure rise
a
 p 119.8 Pa 

a
At a reference air density of ρa = 1.22 kg/m³ 

Axial fan model 

The EADM (see [23] for a full description) is an adaptation of the blade element theory-based 

actuator disk model [4]. The EADM is implemented into a structured grid region, with single 

element thickness and nr = 20 radial and nθ = 120 tangential divisions, representing the fan’s rotor 

(see Figure 2 plane B-B). Each grid element of the rotor region is approximated as a two-

dimensional aerofoil (blade element) with lift (δL) and drag (δD) forces dependant on the relative 

velocity (wm) and the lift (CL) and drag (CD) coefficients of the blade element’s aerofoil profile. The 

relative velocity is calculated from the incoming velocity vector (vm) and the tangential velocity 

(Ω r). The lift and drag forces are introduced into the solver’s momentum equations as axial 

(Eq. (1)) and tangential (Eq. (2)) source terms. Figure 4 shows the velocity vectors and force 

directions for a single blade element. 

𝑆𝑧 =
−𝛿𝑓𝑧

𝛿𝑉
= −

1

2
𝜌 𝑤𝑚

2  
𝜎

𝑡
(𝐶𝐿 cos 𝛽𝑚 − 𝐶𝐷 sin 𝛽𝑚)  (1) 
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𝑆𝜃 =
𝛿𝑓𝜃

𝛿𝑉
=

1

2
𝜌 𝑤𝑚

2  
𝜎

𝑡
(𝐶𝐿 sin 𝛽𝑤 + 𝐶𝐷 cos 𝛽𝑤)  (2) 

where βm is the relative velocity angle shown in Figure 4, t is rotor-zone thickness, ρ is the fluid 

density and σ is the blade solidity. 

 

Figure 4: EADM vector diagram 

Numerical evaluation metrics  

The variation in the axial velocity within the fan rotor region is quantified using a uniformity index 

(γi) as given by Eq. (3) [24]. A uniformity index of unity represents perfectly uniform flow. 

𝛾𝑖 = 1 −
∑ ∑ |𝑣𝑧,𝑘𝑗−�̅�𝐴𝑧|𝐴𝑧,𝑘𝑗

𝑛𝜃
𝑗=1

𝑛𝑟
𝑘=1

2�̅�𝐴𝑧 ∑ ∑ 𝐴𝑧,𝑘𝑗
𝑛𝜃
𝑗=1

𝑛𝑟
𝑘=1

  (3) 

where vz,jk is the axial velocity of element (k,j) in the fan’s rotor region, Az,kj is the area of element 

(k,j) normal to the axial direction and �̅�𝐴𝑧 is the area-weighted average axial velocity given by 

Eq. (4). 

�̅�𝐴𝑧 =
∑ ∑ 𝑣𝑧,𝑘𝑗𝐴𝑧,𝑘𝑗

𝑛𝜃
𝑗=1

𝑛𝑟
𝑘=1

∑ ∑ 𝐴𝑧,𝑘𝑗
𝑛𝜃
𝑗=1

𝑛𝑟
𝑘=1

  (4) 

The volumetric performance of each individual fan is quantified using a volumetric effectiveness 

metric (ξi), shown in Eq. (5). 

𝜉𝑖 =
�̅�𝐴𝑧,𝑖

�̅�𝐴𝑧,𝑖𝑑
   (5) 

where �̅�𝑧,𝑖 is the area-weighted average axial velocity through fan (i) and �̅�𝐴𝑧,𝑖𝑑 is the “ideal” area-

weighted average axial velocity through the fan with the most uniform axial velocity (highest 

uniformity index) within the dataset. 

The flap-wise bending moment distribution (Mz,θ) was used to evaluate the fan blade loading [7,13]. 

The differential axial forces (δfZ,kj, refer to Eq. (1)) exerted on each of the rotor region elements 

were used to calculate the flap-wise bending moment distribution (Mz,θ) in the fan’s plane of 

rotation as shown in Eq. (6).  

𝑚𝑧,𝑗 = ∑ 𝛿𝑓𝑧,𝑘𝑗(𝑟𝑘𝑗 − 𝑟ℎ)
𝑛𝑟
𝑘=1  for 𝑗 = 1, … , 𝑛𝜃  (6) 

where mz,j is the j
th

 entry of the Mz,θ array, rk,j is the radius to the centre of element (k,j) and rh is the 

fan hub radius. 

The peak bending moment (Mp) (Eq. (7)) of this flap-wise bending moment distribution (Mz,θ) was 

used as the indicator of the severity of dynamic blade loading. Venter [15] found this metric to 

provide the best correlation to experimental dynamic blade loading trends.  
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𝑀𝑝 = max(|𝐌𝑧,𝜃|) (7) 

This peak bending moment is normalised with the peak bending moment at the “ideal” most 

uniform inlet airflow condition (𝑀𝑝,𝑖𝑑, the peak bending moment at �̅�𝐴𝑧,𝑖𝑑) as shown in Eq. (8).  

𝜙𝑖 =
𝑀𝑝,𝑖

𝑀𝑝,𝑖𝑑
  (8) 

VALIDATION DATA 

Measurement specifics 

The details on the experimental validation data used in this study are discussed in the project report 

compiled by Maulbetsch and DiFilippo [2]. The experimental measurements were not conducted as 

part of this study but were obtained from the parties involved in the aforementioned study [2]. The 

on-site tests discussed in this report were conducted at a power plant that utilises a 3 × 6 cell ACC 

(as shown in Figure 5) with the same axial fan as was used in the numerical CFD-based model. 

Measurements that were recorded over a period of three days were used for this evaluation. The 

wind direction within this time period was predominantly south-westerly to north-westerly. 

Of the recorded data, only the anemometer and blade loading measurements for the edge fan cell 

indicated in Figure 5 was used. The location of the anemometers within this fan cell’s inlet shroud 

is shown in Figure 5. The blade loading was measured simultaneously using load cells installed at 

the retaining bolts of six of the nine fans. Data from only one of these load cells was used in this 

study. The raw data (from the anemometers and the load cell) was processed into average and 

standard deviation values, calculated over three-minute interval segments.  

 

Figure 5:ACC facility layout and anemometer measurement locations (adapted from [2]) 

Experimental evaluation metrics  

For the experimental measurements, the uniformity index was quantified using the average axial 

velocity (�̅�𝑧) of the eight anemometer measurements (na = 8) and not the area-weighted average 

(�̅�𝐴𝑧). Therefore, the experimental uniformity index (γex) is calculated using Eq. (9) (derived from 

Eq. (3)).  

𝛾𝑒𝑥 = 1 −
∑ |𝑣𝑧,𝑗−�̅�𝑧| 𝑛𝑎⁄   

𝑛𝑎
𝑗=1

2�̅�𝑧
  (9) 

The volumetric performance of the experimental measurements is also presented in terms of 

volumetric effectiveness (ξex, Eq. (5)) using the average axial velocity (�̅�𝑧) of the eight anemometer 

measurements. The dynamic blade loading for the experimental data is expressed as a normalised 

peak load (ϕex) using Eq. (8). The standard deviation of the load cell measurement over the three-
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minute interval (Lσ) can be converted to a peak load (Lp) using Eq. (10) based on the assumption 

that the signal is purely sinusoidal. 

𝐿𝑝 = 𝐿𝜎√2 (10) 

RESULTS 

Uniformity index 

Figure 6 depicts the numerically predicted individual fan cell volumetric effectiveness (ξi, Eq. (5)) 

and uniformity index (γi, Eq. (3)) respectively, for the 3 × 6-cell ACC with a dimensionless platform 

height of Hp/df = 1.353 with a wind speed of vw = 7 m/s.  

 

Figure 6: Numerically predicted individual fan cell volumetric effectiveness (ξi) and individual fan cell uniformity index 

with changing wind direction (vw = 7 m/s; Hp/df = 1.353) 

Figure 6 shows that uniformity index (γi) exhibits a very similar trend to fan volumetric 

effectiveness (ξi). This is expected as the uniformity index quantifies the variation between the 

mean axial velocity of the fan model’s rotor region and the axial velocity of the individual blade 

elements of the rotor region. Thus, with a uniformity index close to unity, the axial velocity is 

expected to be uniform, and therefore the fan is likely operating close to design or “ideal” 

conditions (ξi → 1). A decreasing uniformity index infers that the fan is subjected to distorted inlet 

conditions, which are known to negatively impact the volume flow rate through the fan (ξi < 1). 

Figure 7 shows the numerically predicted individual fan uniformity index (γi) compared to (a) 

volumetric effectiveness (ξi) and (b) normalised peak bending moment (ϕi, Eq. (8)). The figure 

shows results for all 18 fans across the range of wind speeds (1 ≤ vw ≤ 11 m/s) and directions (-

90˚ ≤ βw ≤ 90˚) simulated. A total of 972 fan cell operating points are included in Figure 7. The 

figure also includes a mean trendline (fm(γ)), used as the reference comparison against the validation 

data (this is purely for a comparative purpose, and thus the equations for the trendlines are omitted).  

Figure 7 shows a definite relationship between fan uniformity index and volumetric effectiveness. 

Normalised peak bending moment increases rapidly with decreasing γi reaching a maximum at 

γi ≈ 0.85, after which the influence of γi decays and eventually plateaus. The plateau is likely due to 

the fan inlet velocity vectors (specifically axial velocity) in the upwind half of the fan’s rotational 

plane reaching conditions that lead to a loading scenario that cannot necessarily get much worse.  

Figure 8 shows the uniformity index calculated using the experimental validation data (γex, Eq. (9)) 

compared to (a) the experimental volumetric effectiveness (ξex) and (b) experimental normalised 
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peak loading (ϕex) for the upwind edge fan as indicated in Figure 5. The figure includes the 

numerical trend line (fm(γ)). From Figure 8, it is clear that the uniformity index (γex) and volumetric 

effectiveness (ξex) calculated from the experimental validation data follows a similar trend seen in 

the numerical data (fm(γ), Figure 7).  

 

Figure 7: Individual fan cell uniformity index (γi) compared to (a) volumetric effectiveness (ξi) and  

(b) normalised peak bending moment (ϕi) (Hp/df = 1.353) 

 

Figure 8: Experimentally measured uniformity index (γex) compared to (a) volumetric effectiveness (ξex)  

and (b) normalised peak bending moment (ϕex) (Hp/df = 1.353) 

Sensitivity of uniformity index to sampling resolution 

Uniformity index is calculated using the measured axial velocities at grid points within a polar 

coordinate grid. Changing the sampling resolution will thus influence the calculation of the 

uniformity index. This effect was investigated by interpolating the per grid point axial velocity of 

the original grid (nr = 20; nθ = 120 grid resolution) onto a coarser resolution and recalculating the 

uniformity index (Eq. (3)) from the numerical results. The sample location for the coarser 

uniformity index calculation within the fan rotor is shown in Figure 9. Figure 9 (c) is the minimum 

measurement resolution of the CTI-PTG-143 standard.  

The recalculated uniformity index results are shown in Figure 10 for four different grid resolutions, 

starting at the far left with the original (nθ = 120; nr = 20) for a wind speed of vw = 7 m/s with a 

direction of βw = 0˚. Figure 10 indicates that for this specific test case (vw = 7 m/s; βw = 0˚), 
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changing the sampling resolution has an effect. However, this is only significant at very low 

resolutions such as (d). Furthermore, with a low tangential resolution as with (c) and (d), it can be 

expected that an alternative wind direction not radially aligned with sampling locations (i.e. 

βw = 45˚) would reduce the accuracy of the uniformity index calculation further. This effect is not 

noticeable in Figure 10 due to the wind direction being radially aligned with sampling locations. 

 

 

Figure 9: Sampling resolution used for calculating uniformity index 

This discussion indicates that a detailed investigation into identifying the lowest optimal 

measurement resolution and configuration for on-site experimental measurement of uniformity 

index would be of value. 

 

Figure 10: The influence of changing grid resolution on the calculation of uniformity index  

(vw = 7 m/s; βw = 0˚; Hp/df = 1.353) 

CONCLUSIONS 

The uniformity of an ACC fan’s axial velocity inflow was identified as a metric of interest in terms 

of quantifying ACC fan operation under windy conditions. This paper evaluated fan inflow 

uniformity index using a numerical CFD-based approach which was validated against on-site 

experimental measurements.  

The simulation results from the numerical ACC model indicated that there is a proportional 

relationship between uniformity index and both fan volumetric effectiveness and dynamic blade 

loading. Fan inlet airflow uniformity index (γ) can thus be used to estimate the severity of both the 

reduction in fan volumetric performance and the increase in dynamic blade loading under windy 

conditions. This same proportional relationship was observed in the experimental validation data, 

βw = 0˚ 
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suggesting that uniformity index can be used in both numerical and experimental work to allow for 

a qualitative investigation and specification of wind effects and wind effect mitigation mechanisms.  

The potential utility of uniformity index in numerical simulation is that the state of fan blade 

dynamic loading can be inferred without additional data processing or a blade element theory-based 

fan model. For continuous on-site experimental measurements, a uniformity index can indicate a 

fan cell’s volumetric performance and dynamic blade loading using significantly less measurement 

equipment (less than 40 anemometers and no need for strain gauges, bridge amplifier and a wireless 

transmitter). Furthermore, uniformity index can improve the utility of on-site experimental 

measurements as uniformity index can give a much clearer indication of the severity of wind effects 

or cross-flow effects at an ACC than an arbitrary windspeed measurement that can be influenced by 

surrounding buildings and the induced draft of the ACC fans. 
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