Matching Mach number and Reynolds number

In high-speed aerodynamics, the important nondimensional parameters that we need to match
are Mach number and Reynolds number.

Setting one of these numbers is easy.

But if we want to keep the dynamic similarity, matching both numbers is not very
straightforward.

In order to maintain dynamic similarity, we need to change the reference pressure and
temperature.

The question is, what reference values do we use in order to match the Mach number and the
Reynolds number?
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» Let us start with the definition of the Mach number M and the Reynolds number Re (based on a
characteristics length L),
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« And recall that the speed of sound a is defined as,

 Therefore, the Mach number can be written as,
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At this point the question is, how does temperature and pressure affect the Mach number and
Reynolds number?

Recall that the speed of sound and the dynamic viscosity are both functions of temperature.

Also recall that the density is a function of pressure and temperature, and they can be related
via a thermodynamics equation of state (i.e., the ideal gas law).

Therefore, we can express the Mach number and the Reynolds number as follows,

We can now plug the Mach number equation into the Reynolds number expression by solving
for the freestream velocity U...
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By using the definition of the speed of sound we obtain the following relationship,

p(P, T)Moo\/7RyT L
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At this point we can use the ideal gas law to relate density to pressure and temperature as
follows,

P = pR,T

By substituting the ideal gas law into the previous Reynolds number relation, we obtain the
following equation,
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In this expression,
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We are only missing the dynamic viscosity dependence on temperature.

This dependence can be computed using, for example, Sutherland’s law,

O, T2
T + Cy)
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This expression corresponds to Sutherland’s law with two coefficients.

One of the many models available in the literature.
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« At this point, we can solve for the pressure to obtain the following expression that relates the
Mach number and Reynolds number,
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* By choosing a reference temperature, we know everything on the right-hand side and can
directly solve for P.

* Note that the temperature is given in Kelvins.
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« The opposite approach is also possible, but it requires more work as we need to use an
iterative method (e.g., Newton’s method) to solve for T.

i) - D=

» Either of the previous approaches are valid.

* However, the first approach is easier to implement.
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The main takeaway of this discussion is that when working with scaled models (in physical
experiments or in numerical simulations) and in order to keep the dynamic similarity between
the Mach number and the Reynolds number, you need to define the right temperature and
pressure values.

When conducting numerical simulations, you must know the reference pressure and
temperature, and the working fluid used in the experimental facility.

* Read carefully the experiment specifications or reference publication.
A big advantage of numerical simulations is that there is no need to work with scaled models.

But when comparing numerical simulations with the experimental values, you always need to
respect the dynamic similarity because not necessarily the physical experiments are conducted
full scale.
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NASA wind tunnel testing guide.

https://www.nasa.gov/sites/default/files/atoms/files/nasa-2018-qgftd trifold-3-20-2019-508.pdf
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Facility Capabilities at a Glance

Facility

14-ty 22 Foot Sataonl: Tunnl (14 % 22}

20-Foot Verfal Spi Tannel (VST)

3-8y 15 Foot Low Spesd Wind Tannsl (LSWT)

Jetag Fesazrch Tumed (BT}

Trarsonk: Dynamics Tannel (TOT)

Katioral Transok: Facilty {NTF}

11-0y 11 Foot Unitzry Pian Transonic Wind Tunnel

4-Foot Supersani: Uritery Plan Wind Tumed {UPAT)

9-by 7 Foot Unitary Plan Wind Tennel
10-by 10 Foot Foot Wind Tennel

8-y 6 Foot Supersonic Wing Tuanel

PrIpUOn Systems L

Langley Aesothermal Dyreamics Lsbarziory (LAL}

20-inch Mach & Ar Tunnel

15-nch Mach & High Temperature Tuanel

31-nch Mach 10 Arr Tusnsl

B-Fout High Temperture Tunnsl (B-1tHTT)

A Mode:
Fieavy Gas Mod:

A Mode:
Cryogeric Made:

Test Saction 1:
Test Saction 2

Speed

Mach 0 10 013 (M43 1)

0 0Ms

Mach 010 0.21

Mach 0050050

Mach 09012
Mach 09012

Mach01 0106
Mach0i1120

Mach 020145

Mach15028
Mach2304E

Mach 1550255
Mach 010036, 20035

001025020

01035, 0 % 6.0 w! inpping
hester

MachE

MachE

Mach 10

Mach 3.5
Miach 4, 5,and 7

Site

MNASA LsAC

MNASA LsAC

KASA Gem

KASA Genn

NASA LsAC

MNASA LsAC

WA Ames

MNASA L=AC

NAGA Ames.

KASA Gem

KASA Gem

KASA Gem

MNASA LsAC

MNASA LsRC

MNASA LsAC

MNASA LsRC

Reynolds Number | Test Section Size

Ut 22x 105 pertt 145 HE21 TFWasrL
o0 108 partt B HXITW
Ui 14x 105 pertt FHIIS WL
D36 x 105 pertt EHITWxI0L
001 D a0 10 pert 1B HXIEW
01 0a6x 108 pertt

1023x 108 per t &2 HIBZWx25L
410140 % 108 per t

1385108 per WHEITWRZZ L
050 1Ax1Fpert THIASWRTL
0.5 10 8.4 %108 pertt

1956k 108 pertt FHITWx1FL
n12nadx it pern T HI AT WxATL
15155108 pertt FWXEHIZSL

na 11T R

0.5 80x 108 pern 0 HEZEW
051 E0x 108 pert 145" dameter ogen jet
05022x108 pern HHRI"W

54.5 dlameder Mach 3,5
9™ dameter Mach 4,5, &7

0,84 10 5.00 1 108 per 1t

Total Pressure | Total Temperature | Test Gas

Amosphent: Amblest Ar
Amosphent: Amblest u
U T2pd Ambdest in S50 A
0230 pst Amskent i -35° u
0.5 paia 10 smospheni: 70 11307 ~
134
14710120 peie TP 0 +130° A~
2507 0 +130° Natmgen
4324508t 10+ 27 Ar
010 10 Smosghers 100° to 3007 DryAIr
£34-3838 patz O£ 20°F Ar
2010 720 pt S0 1140 Ar
10012 1340 pat 200 72R Ar
150 psig BS0F Ar
30 475psim TBE" I MR DryAlr
5010 450 peia 0126 A DryAlr
15010 1450 pata 1BS0°R DryAlr
5010 4000 psi B50° 10 40007 Ar

Type Sample Test Capabilities
(Ciosad Circult, openor | AC, FF, F, GE, 5C, A, P, JET A, 55, Al
ciosed test secson
Closed- finst, snnulsr FF, FO, 5C, HA
Teum
Atmasphenc PSP, Ao, LHE, P, PAN
Ciosed Rutum - In-flight Icing tests. snd simustons
Atmasphenc
Ciosed Creutt #E,FD,SC.R 55
Ciosed Creuft PSP, TSP, Model Detormason Systems,
SC, i, JET PT, 55
Closad Retum PSPPI, OF IR, 3
Cinsed Creut AL FO, 5C, HA, JET, PT. 55
Ciosed Rstum W, PSP, OF ADST
Open or Ciosed Circelt PSR 55, PN,FT
Open or Closed Carcult, PSREE.P
Atmasphenc
Non Visied Atttute icing simatstioes.

Eiow Down AL JET. TS, PSP, High ADA, L High
‘Spead Schileren, BOS, PL, 08 Fiow
Edow Down AT, JET, TSP, PSP, High AQA, IR, High
Speed Schilersn, BOS, PLIF, 0N Fiow
Blow Down AT, JET, TSP, PSF, High MDA, IR, High
‘Speed Schileren, BOS, PLIF, 0N Fiow
Edow Down ap
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 NASA wind tunnel testing guide.
* https://www.nasa.gov/sites/default/files/atoms/files/nasa-2018-qgftd trifold-3-20-2019-508.pdf

Sample Test Capabilities*

AFL  Afoil Testing to - Pressuse
Ground Wind Loads T Sensiive Paint

Stability and Control
High Angle-of-Agtack
Testng

Specialized Test Techniques*
The following optical measurement techniques are in

Real-ime measurement of surface temperature suitsble for
measuring heat flux, flow separation, and boundary layer
transition location. Adapve contrast enhancement digorifims
are used to aid visualization of suble temperature features.

Pressure/Temperature-Sensitive Paint

Provides continuous surface pressure and or temperature
data using 2 paint comtaining fluorescent dyes which are
‘sensitive to oxygen partial pressure as well as temperature.
Resudts can be megrated to determine siroads on wind
tunnel models/components. Suitzble for temperature
mapping as well a5 boundary layer transition detection.
Works in eryogenic conditions where IR thermography is not
suitable. Both steady state and dynamic {time resoived) data
at up t0 10 kHz can be obtamed.

High-Speed Schiieren and Shadowgraph

Visuzalizes flow dansity vanations inchyding shock waves and
vortex cores. Images can be recorded at up fo 100 kHz. Deta
are processed to obtain frequency spectra of density
fiuctuations at arbitrary locations in the flow, or to obtain flow
velocity by tracking the movement of trrbules.

Background-Oriented Schiieren

Visesalizes flow density variations by measuring flactassonsin
the posiSion of a spacklad beckground. Able fo scoess sress
of 12 el and viewing angles which traditional schiieesn
technigues canmot

Particle | .

A method for measuring velocty in a particle-seeded flow.

A double pulsed laser sheat Hluminates 2 two-dimensiona
particle fisld.

Non-Optical measurement techniques available

Advancad Force Balsnce

AETC faciities maintain a comprahensive imentory of
balances for forna and moment measurements ncluding
traditionsl sx-component balances over 3 widz load range,
fioor belances for semispan modeks, rotating balances for
turbomachinery, and specialized balancas for many unususl

p/

Fiow Vsl Tesing

Propulsion System o In addition 1o bala provided during
Tasting Testing AETC tests, bakence Joans may also be available
Jet Efiscts Testing it Bk 6

AETC faciities maintain high speed data systems suitable for
excitation and readout of many types of unsteady pressure
and force sansors and can accommodats tests requiing @
large number of channels of unsteady datz.

Other techniques, such as Oil-Film Interferometry,
Planar Laser Induced Fluorescence, and

lsser Electronic Excitstion and Tagging are also
available upon request.

For a full list of test capabilities and specialized test techniques please visit us at:
www.nasa.gov/aeroresearch/programs/AAVP/AETC
or Contact Test Technology Manager, James Bell - james.h.bell@nasa.gov
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« Afew links to wind tunnel facilities around the world:

» https://Iwww.nasa.gov/centers/langley/news/factsheets/WindTunnel.html

* https://www.nasa.gov/centers/ames/orgs/aeronautics/windtunnels/index.html

* https://www.etw.de/wind-tunnel/overview

* https://www.onera.fr/en/windtunnel
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