
Citation: Witte, H.; Bode, C.;

Friedrichs, J. Potential of Static

Pressure Recovery of Rotor-Only

Low-Pressure Axial Fans. Int. J.

Turbomach. Propuls. Power 2023, 8, 33.

https://doi.org/10.3390/

ijtpp8030033

Academic Editor: Colin Scrivener

Received: 22 May 2023

Revised: 21 August 2023

Accepted: 4 September 2023

Published: 8 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY-NC-ND) license

(https://creativecommons.org/

licenses/by-nc-nd/4.0/).

Turbomachinery 
Propulsion and Power

International Journal of

Article

Potential of Static Pressure Recovery of Rotor-Only
Low-Pressure Axial Fans †

Hauke Witte *, Christoph Bode and Jens Friedrichs

Institute of Jet Propulsion and Turbomachinery, Technische Universität Braunschweig,
Hermann-Blenk-Str. 37, 38108 Braunschweig, Germany; chr.bode@ifas.tu-braunschweig.de (C.B.);
j.friedrichs@ifas.tu-braunschweig.de (J.F.)
* Correspondence: h.witte@ifas.tu-braunschweig.de; Tel.: +49-531-391-94229
† This manuscript is an extended version of the ETC2023-157 meeting paper published in the Proceedings of the

15th European Turbomachinery Conference, Budapest, Hungary, 24–28 April 2023.

Abstract: Typically installed in a rotor-only configuration, low-pressure axial fans discharge directly
into a free atmosphere and the discharge shows a strong swirl component. Since such designs,
without guide vanes, cannot convert the dynamic pressure in the swirl component back into static
pressure, the dynamic pressure is usually considered a loss. However, the radial equilibrium shows
that a significant part of the kinetic energy contained in this swirl component is recovered as static
pressure in the free atmosphere. This additional pressure increase has been sparsely researched.
A comparison between two configurations with and without outlet guide vanes allows for the
formulation of an evaluation criterion of the rotor-only configuration. Utilizing this evaluation
criterion, the investigation of velocity profiles corresponding to generic rotor designs shows promise
in terms of pressure recovery for new designs.

Keywords: low-pressure axial fans; pressure recovery; free discharge

1. Introduction

In a broad range of applications, low-pressure axial fans are designed to achieve
large volumetric flow rates while maintaining small pressure ratios. Typically, due to cost
and space constraints, these fans are installed in a rotor-only configuration, discharging
a swirling jet flow into a free atmosphere. Such a design, without outlet guide vanes,
cannot convert the dynamic pressure of the swirl component back into static pressure. This
reduces the static pressure at the outlet of the machines. However, simple considerations
show that in this free discharge, a static pressure recovery takes place. Indeed, a significant
portion of the total-to-static pressure increase from low-pressure axial fans can take place
in the discharge; thus, a thorough evaluation of this pressure recovery with regards to fan
design is necessary.

Available experimental investigations on the achievable static pressure recovery down-
stream of rotor-only axial fans are first found in [1]. Here, a free vortex design with
a hub-to-tip ratio of ν = 0.5 is used. For this machine, the measured static pressure recovery
in the free discharge corresponds to an increase in efficiency of 4–7%. It is quite interesting
that the potential of efficiency increase via downstream guide vanes for such machines is
given in [2] as 4–12%, which is within similar orders of magnitude.

In [3], a study on maximizing the efficiency of axial fans was performed. The authors
used a CFD method trained by neural networks from [4], which was coupled with an evolu-
tionary optimization algorithm. The main result of their numerical study was a maximum
total-to-static efficiency of 68%, taking into account certain geometrical design criteria such
as fixed sweep angle or axial design space. In contrast, the typical achievable total-to-static
efficiencies of industrial machines tend to be 50–55%.
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In the remaining relevant literature, no focus was set on the integral quantity of
pressure recovery. Instead the flow field of the discharge itself has been investigated in
great detail.

Experimental studies of the flow field downstream of rotor-only axial fans are per-
formed in [5]. Here, optical measurements of a fan discharging into a pipe show that
a strongly heterogeneous and non-uniform turbulent outflow is formed, which is charac-
terized by high turbulence intensities, especially in the forming vortex core, revealing the
complexity of fan discharge flows.

In [6], numerical investigations of the near downstream flow of a rotor-only axial
fan at low flow rates were performed. The studies show that the downstream flow in the
near-field, which has a direct influence on the pressure recovery, depends significantly on
the flow rate. The latter, in turn, has a direct influence on the flow phenomena within the
blade passage, which varies depending on the design method.

Considering the available studies, the behavior of the static pressure recovery re-
mains an open question. In particular, two questions are investigated in this work, which
corresponds to our paper published in the 15th European Turbomachinery Conference [7]:

1. What is the maximum effect that can be achieved via optimum static pressure recovery
and how can it be evaluated?

2. To what extent can the static pressure recovery be influenced by the geometric features
of the machine and the vortex design?

2. Static Pressure Recovery of Rotor-Only Low-Pressure Axial Fans
2.1. Assumptions and General Mechanism

Figure 1 shows a rotor-only axial fan configuration discharging into a free atmosphere
with the qualitative radial profiles of the circumferential velocity vθ (blue) and the static
pressure p (red). As explained in Section 1, the flow field generally is strongly heterogeneous
and non-uniform. Consequently, several assumptions are necessary for the derivations in
this paper:

1. At location 0, immediately downstream of the trailing edge, the flow is axisymmetric,
inviscid, and has no radial velocity components and no meridional curvature of the
exit streamlines;

2. The ambient pressure pamb is imprinted on the shear layer between the fan discharge
and the free atmosphere (i.e., at rshear);

3. Location 1 is positioned sufficiently far downstream of location 0, such that the circum-
ferential velocity component of the discharge has entirely vanished via momentum
exchange (i.e., mixing) with the environment;

4. The free atmosphere is sufficiently large, such that walls and other obstructions are
not influencing the free exhaust;

5. The flow is assumed to be steady and incompressible.

Under assumptions 1 and 2, the radial distributions of the static pressure p and the
circumferential velocity component vθ are coupled through the radial equilibrium:

p(r) =
∫ rshear

r
ρ

vθ(r)2

r
dr + pamb. (1)

Considering location 0 of Figure 1, the discharge shows a non-zero radial distribution
of the circumferential velocity. Evaluating Equation (1) with such a distribution yields
a monotonically increasing static pressure distribution with pamb as the maximum value
at the shear layer. Consequently, the average static pressure at location 0 is below ambi-
ent pressure.

Further downstream at location 1, the circumferential velocity has vanished under
assumption 3. Considering Equation (1) again, this results in the static pressure being
constant over the radius, and, subsequently, the average pressure at location 1 is equal to
the ambient pressure. Following this argumentation, the average static pressure must have
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increased from location 0 to location 1. In fact, from location 0 to location 1, a considerable
amount of the kinetic energy contained in the fan discharge is converted into potential
energy in form of a static pressure increase. Therefore, the free atmosphere acts as an outlet
guide vane.
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Figure 1. Schematic radial distributions of static pressure (red) and circumferential velocity (blue) at
two locations in the fan discharge.

2.2. Evaluation Criterion of the Static Pressure Recovery

To investigate the potential of static pressure recovery in the free atmosphere, it has to
be properly evaluated. A reasonable evaluation criterion should be able to compare differ-
ent fan designs regardless of their vortex design, operating point and geometric features.

To derive such an evaluation criterion, the rotor-only configuration of Figure 1 is
compared to a configuration with outlet guide vanes, schematically visualized in Figure 2.
The axial progressions of the average total and static pressure from inlet to location 1 are
shown in red and green respectively. These curves are highly idealized in the sense, that
losses in the ducts up- and downstream of the rotor and stator are neglected.
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Figure 2. Comparison of two fan configurations: a rotor-only configuration (left) and a configuration
with downstream guide vanes (right). and their corresponding total (red) and static (green) pressure
progressions from inlet to location 1

Figure 1. Schematic radial distributions of static pressure (red) and circumferential velocity (blue) at
two locations in the fan discharge.

2.2. Evaluation Criterion of the Static Pressure Recovery

To investigate the potential of static pressure recovery in the free atmosphere, it has to
be properly evaluated. A reasonable evaluation criterion should be able to compare differ-
ent fan designs regardless of their vortex design, operating point, and geometric features.

To derive such an evaluation criterion, the rotor-only configuration of Figure 1 is
compared to a configuration with outlet guide vanes, schematically visualized in Figure 2.
The axial progressions of the average total and static pressure from the inlet to location 1
are shown in red and green, respectively. These curves are highly idealized in the sense
that losses in the ducts up- and downstream of the rotor and stator are neglected.
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Figure 2. Comparison of two fan configurations—a rotor-only configuration (left) and a configuration
with downstream guide vanes (right)—and their corresponding total (red) and static (green) pressure
progressions from the inlet to location 1.
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In the rotor-only configuration (left side of Figure 2), the fan increases the average
static and total pressure from inflow conditions resulting in the dynamic pressure in the
fan discharge pd, f an. In the free atmosphere downstream of the fan, the static pressure
increases by ∆prec and the total pressure decreases until, eventually, the dynamic pressure
is equal to zero.

The right side of Figure 2 shows a configuration with outlet guide vanes downstream
of the fan. In this configuration, the fan is assumed to be equivalent to the rotor-only case,
achieving the same pressure increase and, consequently, the same dynamic pressure pd, f an.
In contrast to the rotor-only case, the circumferential velocity component of the discharge
is decelerated in the outlet guide vanes and, accordingly, the static pressure is increased by
∆prec,guide. The discharge of the guides vanes has an average dynamic pressure of pd,guide.
Furthermore, the outlet guide vanes introduce a total pressure loss ∆pt,loss to the flow. The
discharge of the guide vanes into the free atmosphere does not lead to a static pressure
recovery, since it has, by its idealized definition, no circumferential velocity component and,
consequently, the mechanism of static pressure increase described earlier does not apply.
Analogous to the rotor-only case, the residue dynamic pressure in the free atmosphere will
eventually tend to zero at location 1 by dissipation.

From the right side of Figure 2, it is apparent that in the case of the installed outlet
guide vanes, the dynamic pressure of the fan pd, f an is split exactly into the total pressure
loss of the guide vanes ∆pt,loss, the dynamic pressure downstream of the outlet guide vanes
pd,guide, and the static pressure increase the guide vanes ∆prec,guide, as in

pd, f an = ∆pt,loss + pd,guide + ∆prec,guide. (2)

An evaluation criterion can be derived from this, when requiring the pressure increase
of the guide vanes ∆prec,guide to be equal to the static pressure recovery of the rotor-only
configuration:

∆prec,guide = ∆prec. (3)

Adapting this into Equation (2) and isolating the total pressure loss of the guide vanes
∆pt,loss yields

∆pt,loss = pd, f an − ∆prec − pd,guide. (4)

More precisely, outlet guide vanes that induce a total pressure loss of ∆pt,loss, as
computed by Equation (4) to the system, achieve exactly the same amount of static pressure
increase as a corresponding rotor-only configuration does in the free atmosphere. To
increase comparability between different designs, this total pressure loss can be formulated
into a total pressure loss coefficient leading to the desired evaluation criterion of the static
pressure recovery by

ξguide =
∆pt,loss

pd, f an − pd,guide
. (5)

Replacing the total pressure loss of the guide vanes by Equation (4) eventually yields

ξguide = 1 − ∆prec

pd, f an − pd,guide
. (6)

When comparing different fans in a rotor-only configuration and computing ξguide for
each design, fan designs with low values of ξguide achieve a better static pressure recovery
than design with high values of ξguide. From a different perspective, fan designs in a rotor-
only configuration, for which a certain value of ξguide is determined, achieve the same
total-to-static pressure increase as configurations with guide vanes, where the guide vanes
have an total pressure loss coefficient of exactly ξguide.



Int. J. Turbomach. Propuls. Power 2023, 8, 33 5 of 11

2.3. Modeling of Static Pressure Recovery

To utilize ξguide as an evaluation criterion from a design point of view, it is necessary
to be able to assess it from fan design parameters directly. Central parameters of fan design
are the radial profiles of the axial (vx(r)) and circumferential (vθ(r)) velocity downstream
of the fan, which are defined by the vortex design. With knowledge of the velocity profiles,
all pressures entering ξguide can be computed as described in the following.

The local dynamic pressure in the discharge of the fan pd, f an(r) is a function of local
velocity magnitude v(r) and thus a function of vx(r) and vθ(r) only. Mass flow weighted
averaging of the dynamic pressure eventually yields

pd, f an =
2π

ρV̇

∫ rtip

rhub

rρvx(r)
ρ

2

(
vx(r)2 + vθ(r)2

)
dr. (7)

To compute pd,guide, the discharge of the configuration with guide vanes is assumed to
be constant over radius and purely axial. Consequently, the dynamic pressure downstream
of the outlet guide vanes pd,guide can be simplified to a function of the volume flow and
the geometry:

pd,guide =
ρ

2

(
V̇

A f an

)2

. (8)

To compute the total pressure loss coefficient ξguide through Equation (6), the pressure
recovery in the free atmosphere of the rotor-only configuration ∆prec is still unknown and
has to be estimated. Generally, this pressure recovery is defined as the difference between
the average pressure at location 1 and location 0:

∆prec = p1 − p0. (9)

As described in Section 2.1, the average pressure at location 1 is equal to the ambient
pressure. To estimate the average static pressure at location 0, Equation (1) is recapped,
linking the static pressure to the circumferential velocity. Since p0 is a static pressure,
the average pressure p0 is derived as an area weighted average. Setting the area weighted
average of p0(r) computed by Equation (1) into Equation (9), the static pressure recovery
in the free atmosphere is

∆prec = − 1
A f an

∫ rtip

rhub

2πr
(∫ rtip

r
ρ

vθ(r)2

r
dr
)

dr. (10)

Eventually, with all corresponding pressures set into Equation (6), ξguide is given as
a function of vx and vθ by

ξguide = 1 −
− 1

A f an

∫ rtip

rhub

2πr
(∫ rtip

r
ρ

vθ(r)2

r
dr
)

dr

2π

ρV̇

∫ rtip

rhub

rρvx(r)
ρ

2

(
vx(r)2 + vθ(r)2

)
dr − ρ

2

(
V̇

A f an

)2 . (11)

3. Methodology
3.1. Idealized Reference Design

To explore a design space defined later in this work towards the potential of ξguide,
an idealized reference design is generated as a starting point. To compute ξguide, only the
downstream velocity profiles and the hub and tip radius are needed. Consequently, no
real fan designs themselves but rather only the resulting downstream velocity profiles
are considered in this work, implying the corresponding airfoil design. To keep these
downstream velocity profiles as simple as possible, the flow is highly idealized in the
sense that boundary layers and secondary flows are neglected. The idealized reference
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design is then assumed to be a free vortex design, which is characterized by a downstream
circumferential velocity proportional to 1/r. Considering the radial equilibrium, this yields
a constant axial velocity over the radius:

vθ,re f (r) =
cθ

r
and vx,re f (r) = cx. (12)

The overall level of the profiles (or the value of the constants cθ and cx, respectively)
is adjusted to match the operating point. The operating point of the reference design is
defined in terms of flow coefficient ϕ and total-to-total work coefficient ψ by

ϕ =
V̇

A f an· utip
and ψt =

2·∆pt

ρ· u2
tip

. (13)

The total-to-total pressure increase ∆pt is derived from the mass averaged Euler-work
and is thus a function of the velocity profiles. The inflow circumferential velocity is assumed
to be zero. The blade tip speed utip is given by the tip radius rtip and the rotational speed.
Additionally, a hub-to-tip ratio ν is given to assess the hub radius. Table 1 summarizes the
operating point and the geometric parameters, which are set to the values of conventional
low-pressure axial fans. The investigated hub-to-tip ratios of 0.3 and 0.5 respresent the
lower and upper limits of usual designs.

Table 1. Operating point and geometric parameters.

Parameter ϕ ψt rtip RPM ν

Value 0.215 0.300 0.250 m 1350 min−1 0.3, 0.5

3.2. Two-Dimensional Design Space

With the downstream velocity profiles of the idealized reference design, a two-
dimensional design space can be spanned open by individually varying the axial and
circumferential velocity profiles, although, as discussed later, this leads to non-physical
design. This variation of the velocity profiles is achieved by adding the linear shifting
functions sx(r) and sθ(r).

Since the shifting functions sx(r) and sθ(r) are linear, they are fully defined by their
radial gradients dsx/dr and dsθ/dr and constants cx,op and cθ,op. Positive values of dsx/dr
and dsθ/dr generate velocity profiles shifted to the casing, and negative values generate
velocity profiles shifted to the hub, respectively. During the shifting process of the velocity
profiles, their overall level is adjusted by cx,op and cθ,op, respectively, to ensure that the
operating point in terms of ϕ and ψ is constant for all generated profiles. Adding the linear
shifting functions to the velocity profiles of the reference design in Equation (12), the shifted
downstream velocity profiles are given by

vθ,shi f ted(r) =
cθ

r
+

dsθ

dr
· r + cθ,op, (14)

vx,shi f ted(r) = cx +
dsx

dr
· r + cx,op. (15)

Consequently, dsx/dr and dsθ/dr are the parameters spanning a two-dimensional
design space for the variation of the velocity profiles, whereas cθ and cx are kept constant
to the values of the reference-free vortex design. These two parameters are varied indepen-
dently. Obviously for axial fans, such an independent variation is impossible to achieve.
In fact, Equation (14) is analogue to a more general vortex design, where the term cθ/r
represents a free vortex and the term dsθ/dr· r denotes the solid vortex. When varying
the solid vortex part by varying dsθ/dr, each resulting circumferential velocity profile is
coupled to a specific axial velocity profile through the isentropic simple radial equilibrium.
The resulting axial velocity profile, in turn, can be approximated by a linear profile and
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subsequently linked to a certain value of dsx/dr. This yields a single line of theoretically
realizable velocity profiles of axial fans in the two-dimensional design space of dsθ/dr and
dsx/dr, which will be discussed later in this work. Theoretically, deviations from this line
might be possible when opening the design space to diagonal or radial machines which
induce a considerable streamline curvature, but this will not be considered in this work.

The upper and lower limits of the gradient of the axial shifting function dsx/dr are set
such that the axial velocity reaches zero at the casing or hub, respectively, at the boundaries
of the design space. The minimal and maximal values of dsθ/dr are set equal to the extremes
of dsx/dr. Finally, dsx/dr and dsθ/dr are normalized by their extremes such that the vectors
of the two-dimensional design space dsx,norm/dr and dsθ,norm/dr are defined on [−1, 1].

Figure 3 shows samples of the velocity profiles in the design space. The abscissa shows
dsx,norm/dr. For velocity profiles on the left side in Figure 3, where dsx,norm/dr is negative,
the mass flow is concentrated at the hub, and subsequently, for the profiles on the right
side, dsx,norm/dr it is positive and the mass flow is concentrated at the casing. The ordinate
shows dsθ,norm/dr, resembling the solid vortex part of Equation (14). For velocity profiles
on the bottom side in Figure 3, where dsθ,norm/dr is negative, the Euler work is increased at
the hub, and subsequently, for the profiles on the top side, dsθ,norm/dr it is positive and the
Euler work is increased towards the casing. The velocity profiles at coordinates (0, 0) in
Figure 3 correspond to the reference-free vortex design of Equation (12).

−1.00 −0.75 −0.50 −0.25 0.00 0.25 0.50 0.75 1.00
dsx,norm/dr

−1.00

−0.75

−0.50

−0.25
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0.75

1.00

ds
θ,

no
rm

/
dr

vθ

R
ad

iu
s

vx

Figure 3. Velocity profile samples of the design space formed by the normalized gradients of the
linear shifting functions. The profiles at (0, 0) correspond to a free vortex design. The resulting
velocity profiles at the corners of the designs space (red crosses) are shown for comparison.

4. Results of the Design Space Exploration

Since every point of the two-dimensional design space represents a set of velocity
profiles implying a fan design, ξguide can be evaluated for each point, regardless of the fact,
that some profiles are non-physical. This yields a contour plot of ξguide over dsx,norm/dr
and dsθ,norm/dr, as shown in Figure 4 for two values of the hub-to-tip ratio ν of 0.3 (left)
and 0.5 (right). In these contours, the black lines represent the points at which the velocity
profiles obey the isentropic simple radial equilibrium and which are thus theoretically
realizable in axial fan designs. The red crosses mark the optimal, i.e., minimal, value of
ξguide on these lines.
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Figure 4. Contours of ξguide on the design space for a hub-to-tip ratio ν of 0.3 (left) and 0.5 (right).
Velocity profiles obeying the isentropic simple radial equilibrium are shown in black, while the red
cross marks the optimal point on this line.

Considering, first, the whole contour for both hub-to-tip ratios, it is apparent that,
generally, the lower value of ν = 0.3 (left) yields lower (i.e., better) values of ξguide. In fact,
the global minimal value of ξguide is approximately 0.18 for ν = 0.3, whereas for ν = 0.5, it
is 0.31. The best values of ξguide for the realizable fan designs (black lines) are 0.35 and 0.53
for ν = 0.3 and ν = 0.5, respectively.

Besides quantitative differences, qualitative observations can be made equally for
both hub-to-tip ratios. Generally favorable fan designs in terms of ξguide are found in two
separate regions, A and B, of the contour plots. Region A at the top center with

dsx,norm,A

dr
≈ 0 and

dsθ,norm,A

dr
> 0 (16)

corresponds to fan designs with a constant downstream axial velocity and a circumferential
velocity shifted towards to the casing. Region B towards the bottom right with

dsx,norm,B

dr
> 0 and

dsθ,norm,B

dr
< 0 (17)

corresponds to fan designs with a downstream axial velocity shifted to the casing and
a circumferential velocity shifted towards the hub.

Focusing on the set of downstream velocity profiles that obey the isentropic simple
radial equilibrium (black lines in Figure 4), strong variations of ξguide can be observed. For
the designs with a hub-to-tip ratio of ν = 0.3, the optimal value of ξguide is 0.35, while
adverse designs only reach values around 0.76. In the case of ν = 0.5, the optimal value
of the realizable designs is 0.53, while other designs fall off to values of 0.84. These harsh
differences indeed indicate that it is important to consider the static pressure recovery in
the free atmosphere already in the vortex design of the fan. The optimal vortex design in
terms of ξguide (red crosses in Figure 4) seems to be slightly shifted from a pure free vortex
design (coordinates (0, 0)) towards a design with a mix of free vortex and solid vortex.

5. Discussion

The physical interpretation for smaller hub-to-tip ratios yielding favourable values of
ξguide is a larger annular channel which contains more rotating mass. Consequently, more
rotating mass results in higher inertial (i.e., centrifugal) forces, which are initially causing
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the sub-atmospheric pressure in the fan discharge. Thus, the difference to the ambient
pressure in the fan discharge is stronger.

The reason for regions A and B of the design space being favorable become evident
when considering Figure 5, which depicts contour plots of the static pressure recovery
∆prec and the downstream dynamic pressure of the fan pd, f an. To reiterate Equation (6),
both these pressures are the central quantities defining ξguide, whereas pd,guide is constant
for a fixed operating point under the assumptions made. Equation (6) shows that high
values of ∆prec and low values of pd, f an result in good (i.e., low) values of ξguide.

0.0 0.5 1.0
dsx,norm/dr
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/
dr
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1.0
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θ,

no
rm
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−1.0 −0.5

−0.5

−1.0

Figure 5. Contour of the static pressure recovery (left) and the dynamic pressure in the fan dis-
charge (right) for ν = 0.5. Black lines encircle favorable regions of the design space.

When considering, first, the contour of ∆prec on the left side of Figure 5, favorable
regions are at the top left and the bottom right of the design space. In the top left region of
the design space, the circumferential velocity is shifted towards the casing. This results in
lower pressures at the outer radii and, simultaneously, in higher pressures at the inner radii
when compared to the reference design. When area averaging the static pressure over the
radius to compute ∆prec, the lower pressures at the casing outweigh the higher pressures
at the hub since they are acting on a larger area. Additionally, in this region, the mass
flow is concentrated in regions with the lowest circumferential velocity, i.e., the lowest
Euler-work. When requiring the mass-averaged Euler-work to be equal for all velocity
profiles, this necessitates a global increase in the circumferential velocity. Eventually, both
effects result in higher values of ∆prec. On the bottom right region of the design space,
the circumferential velocity is shifted towards the hub. Here, the effect is opposite to the
region on the top left. Although there are higher pressures at the outer radii acting on
larger areas, the minimal values of the pressures which arise at the hub compensate for
this. Furthermore, in this region, the same global increase in vθ is necessary due to analog
reasons, as in the top left region of the design space. Thus, in total, higher values of ∆prec are
achieved in this region. In fact, the free vortex reference design at coordinates (0, 0) achieves
quite low values of static pressure recovery when considering the whole design space. In
contrast to the contour of ∆prec, the contour of pd, f an only shows a singular favorable
region of minimal values at the top center of the design space. This is due to both the axial
and the circumferential velocities being approximately constant over the radius in this
region. Constant velocity profiles result in minimal average dynamic pressure because of
the quadratic influence of the velocity on the dynamic pressure. This quadratic influence
leads to the fact that non-constant profiles, with their corresponding higher maximum
values, result in higher average dynamic pressures. The combination of these different
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favorable regions of ∆prec and pd, f an in the design space eventually result in the favorable
regions A and B in the contour of ξguide.

6. Conclusions

The general mechanism of the pressure recovery described in Section 2.1 follows
directly from a strong circumferential velocity component present in the discharge of
the fan, yielding a sub-atmospheric pressure which is vanishing downstream in the free
atmosphere. Considering this mechanism, the two questions presented in the introduction
are answered in this paper:

The total pressure loss coefficient ξguide derived in this work provides a metric by
which to evaluate the static pressure recovery in the free atmosphere. The minimal values
of ξguide are 0.35 and 0.53 for hub-to-tip ratios of ν = 0.3 and ν = 0.5, respectively, when
considering the velocity profiles obeying the simple isentropic radial equilibrium. Both
values of these total pressure loss coefficients are quite high, especially considering the
fact that these are optimal values. Consequently, these results indicate that it is generally
possible to design outlet guide vanes for low-pressure axial fans that improve the total-to-
static pressure increase when compared to the rotor-only configuration.

The hub-to-tip ratio ν and the vortex design of the machine significantly impact the
static pressure increase. From the two hub-to-tip ratios investigated, the smaller value of ν
generally results in better static pressure recoveries. In fact, for a fixed ν = 0.5, the values
of ξguide vary between 0.53 and 0.84 as a function of the vortex design. For ν = 0.3, these
ξguide reach values between 0.35 and 0.76. So, while generally, outlet guide vanes, which
are properly designed in terms of total pressure loss, are beneficial to the total-to-static
pressure increase, these results indicate that it is indeed important to consider the static
pressure recovery already in the vortex design of the fan when OGVs are not an option
due to external constraints. In both cases, the optimal vortex design in terms of static
pressure recovery is close to a pure free vortex with the slight addition of a solid vortex
part where the exact blending factor depends on the hub-to-tip ratio. With an outlook for
real fan design, it is important to point out that for low hub-to-tip ratios, it is increasingly
challenging to realize such vortex designs due to the large required flow deflection towards
the hub.
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