Study Wind Tunnel Calculator
Key Formulae, Theory, and Section-by-Section Loss Modelling

1 Conventions and scope

This document defines the geometry, boundary-layer blockage, and loss-modelling relations for
an open-circuit study wind tunnel consisting of:

Contraction — Test section — Diffuser.

Throughout:
X = width, Y = height, Z = length (streamwise).



2 Nomenclature

Symbol

Meaning

X,Y,Z
A

R,

R

= =

tb<.<§§§® N =

>

€t
€4

ISR

width, height, length [m)]
cross-sectional area [m?]

contraction area ratio R, = ——

test-section side ratio R; = -t
Xy

d,o

di

diffuser expansion angle [deg]

ratio of specific heats

specific gas constant [Jkg ! K1

static temperature [K]

speed of sound a = /YRT [ms™}]

Mach number

Mach number in test section

average Mach number in section ¢

flow speed [ms™!]

volumetric flow rate [m3s!]

density [kgm™?]

kinematic viscosity [m?s™!]

hydraulic diameter [m)]

test-section hydraulic diameter

reference Reynolds number for test section

Reynolds number in section ¢

ViZy

v
Darcy friction factor in section 4

boundary-layer thickness [m]

blockage ratio (boundary-layer blockage)
dynamic pressure ¢ = 3pV? [Pa]
pressure drop [Pa

loss coefficient (dimensionless)

loss coefficient defined by k1, = AH /g
test-section power scale [W]

total power loss rate around tunnel [W]

diffuser area ratio Ry =

Reynolds number based on Z;:

P
energy ratio B, = Ft
C

3 Geometry

3.1 Test section

Y,

thz.

Ay = XYy = (X0)’Ry,  Yi=XyRy,  Zi=2X;.

3.2 Contraction section (assuming square inlet)

Ac,i
Ac o ‘

)




Ac,o = At7 Ac,i = Ac,oRc = AtRc-

Xei =1/ Aci = VAR, Yo, = Xc;.
Xco :Xt7 }/c,o:)/t'

Xei AR,
Zc = Xc,i, Xc,setting = 2671 = 2t C~

3.3 Diffuser section (square outlet)

o Ad,o
Agi

Agi = Ay, Ajo=AqiRq = AiRg,

Xai=Xt, Yg, =Y, Xdao=/Ado = VARq, Yio=Xgo-
Yio— Y o Xd,o — X1 Ry

)

T 2tan(d.)  2tan(6.)

Rq

d

Xgo— XeRi ARG — X;Ry

v/ (Rt X?)Rq — Xt Ry X (VRiRq — Ry)

Zd= 2tan(f.)  2tan(f.) 2 tan(6,) 2tan(6,)

3.4 Total tunnel length

Xt Ry VR4R; — 1
= 44— |
(3 R, AT tan(6.) )

4 Volumetric flow rate

Vi = A (My/ART),

where M; is the Mach number in the test section and +/vRT is the speed of sound.

5 Boundary-layer interference and blockage

Apr = 25(X, +Y)).
Apr = 25Xt(1 + Rt).

A; = Ry X}
Apr  26(1+ Ry)
BL = = .
At RtXt
5.1 Define Re,
ViZ,
Rezt = t t.
14

5.2 Laminar wall boundary layers (Blasius), Re,; < 500000

5 %
B vV Re .
10Z,(1 + Ry)
BLpyy = ——b= L2
! RtXt\/ Rezt

(12)

(13)



5.3 Turbulent wall boundary layers (1/7th-power law), Re., > 500000
5 _ 0162,

B Relf.
0.32Z:(1 + Ry)

R/X Re”

BLturb =

5.4 Validity criterion
BL <0.07.

6 Section losses: definitions and test-section referencing

(21)

(22)

There will be equal losses in static head and total head due to viscous action between flowing

gas and solid boundaries.
For each tunnel section, the pressure loss is written in the form

The fan must provide an equal pressure rise to balance cumulative losses:
|AP| + |APy| + |APs| + -+ 4+ |AP,| = |A Py

Non-dimensionalise the total head loss AHy, using the local dynamic pressure gy :

AH AH
kr = L— L AHp, = krqr.

qrL (%) pLVLQ’

Energy loss rate due to pressure drop:

AFE;, = A Vi AH; = VL AH].

Since ALVL = ?’}’LL/pL,
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) pLVi = ki (%MLVLQ) ‘

Define:
AHp
kr .
at
Define the test-section power scale:
P, = Ly V2.

Then:
AL = kr B, P, = Z kpPy.

Energy ratio:

P, 1
E, =2t =

Pe N kpy

7 Friction factor workflow (local M — Re — f)

For section 7, determine:



7.1 Local Mach number (iterative; unchanged)

M; (At> 2\3
M=t (2) (14+02M2) . 33
(1+0.2M2)% \4; ( ) (33)
Ai _ Ai,in ‘;Ai,out ) (34)

7.2 Local Reynolds number (unchanged)

v—1 0.76
L; A, 1+ 5 ME
Rei = Ret (D) (A) A~ -1 (35)
t i/ \1+ =2
2
7.3 Prandtl universal law of friction (iterative; unchanged)
-2
fi = [210g10 (Resv/F:) = 0.8] . (36)
8 Hydraulic diameter
2XY
"Xty (37)
2X.Ys
Dy = .
XY (3

9 Section-by-section: explicit M;, Re;, f;, and loss coefficient

9.1 Test section

2X:Y;

Ay = X,Y, = R X2, L, =7, = 2X,, D, = . 39
t tlt t<A¢ t t t t Xt+§/t ( )
A; = Ay (40)
M; = specified. (41)

Z
Re, = Y20 (42)

12

—2

fo=[210g10(Ren/Fr) —08] . (43)

Zy
= 2t 44
Ky ftDt (44)

9.2 Diffuser
Agi+Aq, (1 A
Agi=Ai  Agg= ARy, Ag= TS = +§d) :, (45)
Ydo_Y;f
Lyg=Z24=-%0_"t 4
47247 9tan(0,) (46)
M, (At> 2\3
My=—-"" (2L} (1+02M3)" . 47
T (L r02mp)® \Ag ( i) 7
v — 1 ) 0.76
Rey = Re; <Dd> <At> %1 . (48)
NS\ 1 T



fa= {2 logy (Red\/ﬁ) — 0.8] -

kg = k‘f + key.
1 fa

krp=(1-= ) —2%—.

! < Ri) 8sin(f,)

Ry —1\?

kew = ke(6e .

(6e) ( Ry )
0.09623 — 0.004152 6, 0< 6, <15,
k(0. — J0.1222 —0.04590 6, + 0.02203 67 + 0.003269 6;
e( e)— 4 5 6 1.5 <6, <5,
— 0.0006145 % — 0.00002800 62 + 0.00002337 65,
—0.01322 + 0.05866 6, 0. > 5.

9.3 Contraction
- Ac,i + Ac,o (Rc + 1)At
N 2 2 ’

Le=Ze = Xe; = VAR

Ac,o = At7 Ac,i = AtRCa Ac

M, A 3
M= ——t (t) (1 + 0.2M§) .
(14 0.2M72)° \Ac
N1 0.76
Z. A, 1+ 5 ME
Rec = Ret <D> <A> fl
VN 1 I
—2
fe= [2 log;q (Recx/fc) — 0.8} .
JeLe
k. =0.32 .
¢ Dy, ;
2X..:Y.
Dy s — Ul SUN
i Xei+Yei o
ke = 0.32 f..

10 Comparison with existing wind tunnel facilities

(54)

(55)

Table [I] compares energy ratios computed using the present method with measured values

reported for a range of existing low-speed wind tunnel facilities.

The comparison shows that, for the majority of facilities, the computed energy ratios agree
well with measured values. Larger discrepancies occur primarily in tunnels with non-standard
layouts or additional elements not accounted for in the simplified loss model. Overall, the
agreement demonstrates that the method provides a reliable basis for preliminary wind tunnel

design and for sizing the motor required to achieve a specified test-section speed.



Table 1: Measured and computed energy ratios for selected wind tunnel facilities

Facility

Test-section
speed (m/s)

Measured E,

Computed E,

Difference (%)

NASA Ames, 40
x 80 ft

NASA Ames, 7 x
10 ft

Lockheed Martin
low-speed  wind
tunnel

Indian Institute
of Science, 14 x
9 ft

Hawker Siddeley
Aviation, 15-ft
V/STOL
University of
Washington, 8 x
12 ft

NASA Langley,
30 x 60 ft

107.3

133.0

52.3

96.3

45.7

117.7

52.7

7.88

7.85

1.10

6.85

2.38

8.30

3.71

7.96

8.07

1.12

6.83

3.97

7.20

4.73

1.0

2.8

1.8

-0.3

66.8

—13.3

274

The quoted energy ratios are the best available and best reported values for each facility.
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