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ABSTRACT

THE PROPULSIVE CHARACTERISTICS OF A CROSS FLOW FAN

INSTALLED IN AN AIRFOIL
Publication No.

Ting-Wen Nieh, M.S.A.E.

The University of Texas at Arlington, 1988

Supervising Professor: Donald R. Wilson

A one-dimensional ideal analysis 1is presented to
predict the cross flow fan (CFF) performance in terms of the
free stream conditions and design parameters. In this ideal
analysis, the CFF performance was estimated for various
operating conditions and the propulsive characteristics of

the CFF/propulsive wing were obtained.

An experimental program was developed to explore
Chawla's water table simulation in a low-speed wind tunnel
test. A CFF was installed in a NACA 0025 airfoil with a
housing/cavity design developed by Harloff. In order to
provide a two~dimensional flow for the airfoil models, the

test section was modified by insertion of end-plates. Tests

iv



were performed at four fan rotational speeds, two free stream

velocities, and eight angles of attack. The test results

show that the fan rotational speed has a positive effect on
CFF performance in the range of o« = 5 - 20 degrees. Some

recommendations for future study are also presented.
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CHAPTER 1

INTRODUCTION

1.1 General Remarks

In 1962 Dornier (Ref. 1) Proposed to install a cross
flow fan (CFF) inside an airfoil for propulsive wing
application as shown in Fig. 1.1. Since then numerous
researchers have engaged in investigating the practicality of
such an installation. To date, however, this idea has not
yet been proved in practice. The major reason why CFF's have

not been wutilized in airplane pPropulsion is that the

efficiencies of CFF's have been generally lower than those of

axial flow fans.

For a CFF propulsive wing application, there are
several advantages as follows:

l. The CFF accelerates the incoming flow and exhausts it with
higher velocity over the upper surface resulting in lower
static pressure; that is, the CFF produces extra lift.

2. Generating a jet flow with velocity and energy increments,
the CFF can function as a boundary 1layer controller.
Moreover, the CFF can delay the flow seperation.

3. An extra thrust can be obtained since the velocity of the

jet flow exhausted by the CFF is greater than that of the

incoming flow.



General Layout

Multiple Drive Arrangement

Figure 1.1 Cross flow fan propulsive wing application

proposed by Dornier.

(Ref. 1)
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4. Based on the above benefits, the CFF could potentially
improve the STOL capability of an airplane.

5. To increase the flow volume, the CFF can extend spanwise
because of its two-dimensional nature.

6. The CFF offers an advantageous rectangular pPropulsor.

During the last decade, some exciting improvements in
the CFF efficiency have been made by a few researchers. 1In
1979 Harloff (Ref. 1) experimented with various fan designs
and successfully achieved an efficiency of 73%. Later, in
1980, Hancock (Ref. 2) obtained an efficiency better than
82%. 1In 1984 Chawla (Ref. 3), showed the practicality of the

CFF propulsive wing application in her water table

simulation.

The motivation for the present research is to further
explore Chawla's experiment in a low-speed wind tunnel test.
This research was completed by a two-man team; Lin (Ref. 4)
investigated the effects of the CFF on the external
aerodynamics, whereas the present study emphasises the
internal flow as well as the propulsive characteristics of
the CFF. The primary objective of this paper is to study the
properties of the internal flow, and to estimate the CFF

performance in the propulsive wing application by using a

theoretical analysis.



1.2 Description of the CFF

The CFF was first designed by Mortier (Ref. 1), a
French electrical engineer, around 1892 for the ventilation
of mines. At that time the CFF's with a solid rotor shaft

and a solid body were extremely noisy, and had a low

efficiency (see Fig. 1.2).

There are several different types of fans, such as
centifugal (or radial flow) fans, axial flow fans, propeller
fans, and the CFF's (Ref. 5). A CFF can be defined as one in
which the velocity vector of the incoming flow is generally
perpendicular to the rotor axis and the flow passes twice
through the blades of the rotor. The CFF is a unique device
which can accelerate the flow twice by the same rotor blades
and can be extended arbitrarily wide along the rotor axis; in

other words, the CFF is a two-stage, two-dimensional blower.

When - rotating, a CFF generates two vortices in the
outer periphery of  the impeller if its cavities are properly
designed. Then, these two vortices induce the incoming flow
through the rotor, and produce a smooth exhausting flow.

Fig. 1.3 shows typical flow regions in a well-designed CFF.

The CFF's have the following advantages with respect to

axial flow fans:



solid shaft

solid body

Figure 1.2 Cross flow fan invented by Mortier. (Ref. 1)
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Figure 1.3 Typical flow regions in a CFF. (Ref. 1)
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1. large capacity

2. convenient rectangular cross section of inlet and outlet
3. smooth non-turbulent flow

4. high performance at small Reynolds number

5. low noise level

The CFF, however, possesses a serious disadvantage in that it
requires a careful housing shape design and accurate
dimensional control during manufacture in order to achieve

high efficiency.

Since the first CFF was invented, it has been
extensively utilized or proposed for use in many fields, such
as table fans, clothes dryers, toilet extractors, night
storage heaters, electronic cooling, hair dryers, baseboard
heaters, car demisters, projector cooling, air conditioners,
convectors, bakery oven heating devices, mine ventilation,
air/coal mixing, grain drying, boat propulsion, aircraft

propulsion, etc. (Ref. 6).

1.3 Definition of CFF Performance Parameters

The CFF performance can be determined in terms of the
flow coefficient ¢, pressure coefficient ¥, and hydraulic

efficiency Nge These parameters are defined as follows

(Refs. 1 and 7):



Flow coefficient:

Pressure coefficient:

where P can be either

Hydraulic efficiency:

Ny

For propulsive
fan performance is

following parameters:

Total pressure ratio:

Corrected airflow:

Q
= (1.1)
L D utip
AP
= (1.2)
1
2
- p u_.
2 tip

static or total pressure.

Q APt

= — (1.3)
2T TN

wing applications, the nondimensional

usually presented in terms of the

= — (1.4)

m /8



Corrected rotor speed:

N
/8

Adiabatic compression efficiency:

AT, . .
n. = t isentropic (1.5)
¢ AT
t actural

1.4 Historical Review

In the past, most researchers have worked on the

problem of improving the fan efficiency. In 1937 Sprenger
(Ref. 1) improved the CFF efficiency up to 58% by eliminating

the solid rotor shaft inside the fan.

Eck (Ref. 8) investigated the interior flow field of
the CFF and found that the interior vortex could result in
low through-flow as well as low efficiency. Therefore, a

detailed design of the cavity shape to control the interior

vortex was suggested in Fig. 1.4.

Ilberg and Sadeh (Ref. 9), in 1965, sketched a flow
pattern of the interior flow field as shown in Fig. 1.5. The

effects of various cavity designs on fan performance were

also experimented by them.



Dimensions in inches

350

05s

457

312

Rear wall

Figure 1.4 cCavity shape designed by Eck. (Ref. 7)
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Figure

1.5 A flow pattern of the interior flow field by

Ilberg and Sadeh. (Ref. 9)
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In 1967 Engelhardt (Ref. 1) evaluated the effects of
Reynolds number which is based on tip speed and blade chord.
By comparing the results with axial and radial fans, he
determined that the performance of the CFF is superior at low

Reynolds number, ranging from 400 to 30,000, as shown in
Fig. 1l.6.

Porter and Markland (Ref. 7), in 1970, observed that
the fan performance was improved by constructing the casing
so that the vortex could move circumferentially around the
rotor as the output flow was throttled. They also improved

the fan performance by using a log spiral exit wall as shown

in Fig. 1.7.

In 1979 Harloff (Ref. 1) determined the fan variables
which were most responsible for the effects on fan
performance. Those variables were, in order of importance,
exit height, 1low pressure (or primary) cavity shape, inlet
arc, exit housing shape, and fan blade design. He obtained a
fan adiabatic compression efficiency about 73% with the
typical fan housing design as shown in Fig. 1.8. Also, a
two-dimensional finite element analysis was developed that

predicted overall performance in good agreement with the test

data.



Pressure Coefflclent, y’

Figure 1.6
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Comparison of performance for CFF's, axial, and

radial fans by Engelhardt. (Ref. 1)
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Hancock (Ref. 2), in 1980, experimently determined that
a maximum efficiency could be achieved by having a very small
primary (or low pressure) cavity, and a very large secondary
(or high pressure) cavity. In addition, he demonstrated an

efficiency better than 83% in his research.

In 1984 Chawla (Ref. 3) explored the CFF integration
into a propulsive wing in a water table test. She observed
significant effects on pressure distribution along the upper

surface with the fan running even at angles of attack of the

order of 30 degrees (Fig. 1.9).

From the literature review, it can be concluded that
the housing/cavity shape of the CFF is critical for the fan
performance. For the same fan, the flow and pressure
coefficients could change from very good to very bad if the
CFF does not have a proper housing/cavity design. For more
through-flow, the housing should be carefully designed to
locate the vortex close to the outer periphery of the
impeller. In sum, the shapes of the low and high pressure
cavities are most influential to achieve optimum fan
performance. In addition, the exit height, inlet arc, exit
housing shape, fan geometry, and impeller rotational speed

are the variables which can be used to optimize the CFF for a

given appiication.
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CHAPTER 2

THEORETICAL ANALYSIS

2.1 Introduction

The integrated form of the CFF installed in an airfoil
may be considered as a nonthermal propulsive wing. In this
chapter an ideal analysis (Ref. 10) is first introduced to
deal with this unique type of engine, and then, the effect of
CFF efficiency is also studied. In the ideal analysis the
following conditions are assumed:

1. The flow is guasi-one-dimensional.

2. The gés can be treated as a calorically perfect gas.

3. The process is isentropic.

4. The flow is uniform and steady throughout.

5. All components of the integral CFF propulsive wing have
ideal performance.

Under these circumstances, estimates of the fan performance

(primarily CFF thrust and thrust coefficient) can be obtained

in terms of the free stream conditions (such as the free

stream pressure, temperature, and Mach number), and design

parameters (such as the fan total pressure ratio, propulsive

area ratio, and exit location). Figures and discussions of

the analytical results will be presented.
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2.2 Notation

It is often convenient to utilize a systematic notation
to represent some particular terms which are used
repetitively. Also, for simplifying the analysis, the
integral CFF propulsive wing will be divided into three
components, the inlet, CFF, and nozzle. The control volume
and station numbers are shown in Fig. 2.1. The physical

locations indicated in Fig. 2.1 are:

0 --- Free stream
1 --- 1Inlet

2 =--- CFF face

3 --- CFF outlet
4 --- Nozzle exit

The total pressure ratio w, and total temperature ratio

1 are defined by

total pressure at the component exit

total pressure at the component entry

total temperature at the component exit

total temperature at the component entry

Thus, the representations of the total pressure and

temperature ratios for all components are listed as follows:



----- Control volume

Figure 2.1 The control volume and station numbers of

the CFF propulsive wing.

20
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Py _ Tep
T T
Pa1 T
.o _Fes .- _Tt3
CFF CFF ~
Peo Teo
. o s o - _Tea
noz noz
Pes Ti3

However, there are several exceptions. 1In order to
represent the effects of the free stream conditions
(primarily Mach number), the term T is thus defined by

T, = ——— (2.1)

The term Ty local exit pressure ratio, indicates the effects

of the exit location and is defined by

Ty, = T (2.2)

Similarly, a term Ts referring to the suction effects of the

inlet is defined by

Mg = —— (2.3)
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2.3 1Ideal Component Behavior

For an isentropic process, important relations are

given by (Ref. 10 and 11)

Y Y
Pt Tt y-1 vy=1 2 y-1
= ) =(1+ M) (2.4)
p T 2
Y
P T v-1
2 _ ( —2_ ) (2.5)
By Ty
v
P T y=-1
£2 - L2, (2.6)
P Te1

Hence, a general relation between pressure ratio and

temperature ratio is obtained by

™= (1) (2.7)

Under the ideal conditions stated in Section 2.1, the

following relationships for the components will be valid.

l. Inlet

For an ideal process, the flow through the inlet may be

considered to be isentropic. Thus, the total pressure and
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temperature ratios remain unchanged; that is,

and (2.8)

2. CFF

The flow is assumed to be compressed isentropically by

the CFF, so that

Y
y-1
"crr = ( Tepp ) (2.9)

3. Nozzle

In a similar manner as in the inlet, the process in the

nozzle is isentropic. Then

nogz
and (2.10)
noz

2.4 Ideal Analysis

In this section, the main interest is to evaluate the
thrust which is solely developed by the CFF between the inlet
and exit. 1Ideal conditions and component behaviors are

assumed as in Sections 2.1 and 2.3. In addition, it is
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assumed that the total pressure and temperature remain
unchanged from free stream to inlet entry. Thus, the CFF

thrust is given by (Ref. 12)
FCFF = m4u4 - ompu, 4+ P4A4 - PlA1 (2.11)

Noting m4 = ml = plulA1 and the propulsive area ratio,

K = Al/A4, Egq. (2.11) becomes

u4 P4 1
FCFF = pyuy Al (—— -1) + PlAl ( —— — - 1) (2.12)
u1 Pl K

Now, from the definitions of Loy and Tsr an expression

for the pressure ratio P4/Pl may be written by

= (2.13)

Noting that Y4= Yqr R4= Rl’ an expression for the velocity

ratio u4/u1 may be written by

u 2 M,a 2 M 2 y,R,T
R S o’ L T aRyTy
Uy Myay M, 1R Ty
M, 2 T
= 4,7 4 (2.14)
My Ty

( Note that the sonic speed is defined by a = ( yRT )1/2 )
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Combining with Eg. (2.13), Eg. (2.5) may be applied to give

-1 y-1
T P Y w Y
4o o=, (2.15)
T By ™
From Eg.(2.4)
Y
y-1 2 y-1
Piy = P, (1 + 5 M, )
_p 0 Pro Pra Prp Bz Py
4
Py Py Pro Pe1 Pra  Pes
P
_ t1
= BymTy Ti"cFF oz (2.16)
Pio

Also noting = Moz Ptl/PtO =1, Eg. (2.16) leads to

M4 = ( ﬂlﬂrﬂCFF ) (2.17)

and

) (2.18)
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Then, Eg. (2.18) may be applied to give
-1
Y

M 2 2 [ ( mw_w ) - 11
( —4 ) = AL CEE (2.19)

1 y=-1 M

1

Now, combining Egs. (2.12)-(2.15) and (2.19), the CFF thrust
is obtained by

y=1
— y-1
2 I ) Y 1] y 1/2
2 T, w_T - T Y
Fooo = yM, P.A, [ ¢ AL CFF (=) ¥ -1
CFF 1 171 -1 M. 2 T
¥ 1 A
Ts 1
+ P.A, { —_ = 1) (2.20)
171
LN K

- 2_
( Note u = Mlal' a,"= YPl/p1 )

In order to express the CFF thrust in terms of the free
stream conditions, further algebraic manipulations will be
necessary. Relations between the properties at free stream
and those at inlet entry can be obtained by wutilizing the

definition of LN and Eq. (2.4). They may be written by

P(1+ M= ) =Py (2.22)
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Recalling Pt0= Ptl’ Eg. (2.22) may be applied to give

Y
2 ¥1
My ) (2.23)

Y
2 vy=1 v=1
M, ) = Pl ( 1 +
2 2

y-1

PO ( 1 +

Substituting Eg. (2.21) into Eg. (2.23) and rearranging,
y-1
y

= 2
M, " = [ . (1 + M0 ) - 11 (2.24)

Finally, substituting Egs. (2.21) and (2.24) into Eg. (2.22),

the CFF thrust can be expressed as the following function:

Fopp = £ (Y, 75, My, Py, Ary T, Toppr K ) (2.25)

2.5 Determine the Local Exit Pressure Ratio, LY

In order to satisfy the "original thickness condition"
(see Section 3.4 and Fig. 3.3), it is usually assumed that
the exit pressure P4 is equal to the 1local ambient
pressure PA (see Fig. 2.1) such that there is no expansion
or compression at the exit. Note that this assumption is

only valid for low blowing rates.

Recall the definition of the pressure coefficient in

aerodynamics given by (Ref. 13)
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P - P0
c. = (2.26)
P 1
2
5 o

Then, the local pressure coefficient Cpl is defined as the

pressure coefficient at the exit and may be written by

(2.27)

For a given standard airfoil, the pressure coefficient
distribution may be obtained (Ref. 14-16) so that the local
pressure coefficient CpA can be determined at a specific exit
location. For example, the pressure coefficient distribution

of a NACA 0025 airfoil at zero angle of attack is plotted in
Fig. 2.2 (Ref. 14).

Recalling P4= Pk and from the equation of state

P = pRT, Eq. (2.27) becomes

B, 1
Py ( — - 1) Py -1)
Po ™
— _ A
c . = =
PA
1 2 1 2
Y ol Mgag ) — Poo” YR,
1
2 ( - 1)
iig
= A > (2.28)
vM

0
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Figure 2.2 Pressure coefficient distribution of a NACA 0025

airfoil at « = 0 degree. (Ref. 14)
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Hence,

™, = (2.29)

2C + 1

Y
— M
2 0 "pa

Additionally, the local ambient pressure PA can be obtained

directly from Eq. (2.27) and may be written by

¥ 2
P, =Py ( — My°C_, + 1) (2.30)

2.6 Summary of the Equations

It would be convenient to summarize the equations in a

form suitable for computer programming and calculation as

follows:

1. Dependent parameters:

Yr Mg, MO' Po, Al' CpA (or x/c), ToRR? K
2. Output:
FCE‘F
3. Equations:
y-1
2 2 Y -1 5
M © = [ omg (1 + My© ) - 1] (2.31)
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_ 0
P1 = - (2.32)
8
1
T, = ; ' (2.33)
2
7M0Cpl+l
Y
y-1 5 Y-l
a_ = (1 + M ) (2.34)
r 0
2
y=-1
—_—— y-1
2 I )Y 1] _/
2 T W - u Yy 1/2
F... =yM, B.A, [ { Ar CEF (=) ¥ -1
CFF 1 7171
-1 M12 T
s 1
+ P,A, ( —_-1) (2.35)
171
11)\ K

2.7 Characteristics of the CFF Propulsive Wing

By applying Egs. (2.31)-(2.35), the CFF propulsive wing
performance can be estimated. For example, consider a CFF

propulsive wing to fly with the following "basic" conditions:

y=1.4

d
i

0 14.7 psi

=
1]

0 0.3
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T = 1 (assume no pressure drag at inlet entry)

x/c = 0.6 (for NACA 0025 airfoil at o« = 0)
K=1
Tepp - 1O

Then, the CFF thrust of the CFF propulsive wing can be
obtained for this specific case. 1In order to study the
characteristics of the CFF propulsive wing, two dependent

parameters (such as MO' LIy cpA’ K, and « ) will be treated

CFF
as variables such that the relation between these two

parameters can be plotted in terms of CFF thrust.

The effects of ToRE and M0 on CFF thrust are shown in
Fig. 2.3. The CFF thrust is proportional to the total
pressure ratio in each of five free stream Mach numbers.
Furthermore, the slope of the curve increases as the free
stream Mach number becomes larger; in other words, the
increment of CFF thrust becomes larger at higher free stream
Mach number. It is observed, however, that the increment of
CFF thrust, for a fixed Topp? decreases as the free stream
Mach number increases. Nevertheless, the free stream Mach

number has a strong positive effect on CFF thrust.

In Fig. 2.4 the CFF thrust is plotted as a function of

Topp and exit location, x/c. Again, the CFF thrust is
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Figure 2.3 The effects of ToFF and Mo on CFF thrust.
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proportional to the total pressure ratio in each of five exit
locations. In general, the CFF thrust becomes larger when
the exit location moves backward. However, the exit location
has a little effect on CFF thrust by comparing with the free
stream Mach number. It should be noted that the CFF thrust
becomes negative when the exit location is near to two ends
at ToRF 1.00. An examination in Fig. 2.2 indicates that
the value of pressure coefficient may cause such negative CFF
thrust whether it is positive or negative. Therefore, a

moderate exit location between 0.6 - 0.8 chord length is

suggested.

Fig. 2.5 presents the effects of ToFF and propulsive
area ratio, K = Al/A4, on CFF thrust. It shows that the
slopes of five curves almost remain unchanged. Also, it
indicates that the CFF thrust becomes positive as K < 1
and negative as K > 1 at TOFF- 1.00. The effects of the

propulsive area ratio are so strong that the CFF thrust is

increasing drastically as the propulsive area ratio is

becoming smaller. The CFF may generate about 2,500 1bf of
thrust for the following condition: K = 0.5, ToFF = 1.5,
My = 0.3, A, =1 ££2, Po = 14.7 psi, v = 1.4, and m, = 1.0.

In Fig. 2.6 the CFF thrust is shown as a function of

ToRF and suction effects, Ts= PO/Pl' The CFF thrust is

drastically reduced as the value of L becomes smaller;
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moreover, the decrement of the CFF thrust, for a fixed ToRF’

becomes larger at a smaller Te o

2.8 Nondimensional Analysis

In order to express the CFF propulsive wing performance
without the dimensional effect, the nondimensional analysis
is introduced in this section. As a result, the CFF
propulsive wing performance are presented by a nondimensional

parameter CT’ which refers to the thrust coefficient and is

defined by
F
Cp = —EE. (2.36)
qup
L 2 _ 1L 2
where 9 = the dynamic pressure = —— Uy = — YPOMO
w2 2
Ap = the propulsive area (exit area).

Also, the effects of the CFF efficiency are shown and

discussed herein.

By applying Egs. (2.31)-(2.36) with the same "basic"
conditions in Section 2.7, the thrust coefficients of the CFF
propulsive wing are obtained in terms of two dependent
parameters (such as MO' LIy CpA, K, and “CFF) and shown in

Figs. 2.7 - 2.10. In rFig. 2.7 the thrust coefficient is



39

plotted as a function of TCFF and MO' The thrust coefficient
is increasing drastically as the free stream Mach number is
getting smaller. One of the reasons for causing such an
increase 1is that the thrust coefficient is proportional to
1/M02. The characteristics of the CFF propulsive wing

indicated in Figs. 2.8 - 2.10 are consistent with those

obtained in Figs. 2.4 - 2.6 respectively.

2.9 Effect of CFF Efficiency

The CFF, iﬁ_efféct, functions as a compressor; in other
words, the CFF efficiency can be considered to be the
compressor efficiency. Note that the air flow is assumed to
be calorically perfect across the CFF. The compressor (or

CFF) efficiency is defined by (Ref. 10)

ideal work interaction for a given pressure ratio

n =
CFF actual work interaction for a given pressure ratio

Cp ( Tt3i -

Cp ( Tt3 - T

) T —
&2 . _CERi (2.37)

The ideal process is isentropic process so that Eg.

(2.6) can be substituted into Eg. (2.37) to yield
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Figure 2.7 The effects of ToFR and M0 on thrust coefficient.
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