
MOTIVATION
Transonic hot wire anemometry (HWA) is useful for the experimental study of turbulence or entropy
generation in high subsonic compressible systems as compressors and fans for turbomachinery
applications.
The HWA Instantaneous Measures the Unsteady Transonic Velocity ,Density, Temperature fluctuations,
based on universal empirical correlation for heated cylinders in compressible flow
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METHODOLOGY
Empirical 𝑵𝒖 Relation for Compressible Flows
𝑹𝒆 − 𝑴 − 𝑵𝒖 correlation for infinite [3] :

𝑁𝑢𝑐𝑜𝑟𝑟 𝑅𝑒𝑇0 , ∞ =
𝑁𝑢 𝑅𝑒𝑇0 ,𝑀

Φ 𝑅𝑒𝑇0 ,𝑀

o 𝑁𝑢𝑐𝑜𝑟𝑟 is independent of 𝑴

o Φ represents the Mach dependency

Real life consideration:

o Conduction end losses to prongs

o Geometric imperfections

 Φ correctly captures compressibility effects

 But 𝑅𝑒 − 𝑁𝑢𝑐𝑜𝑟𝑟 needs to be determined experimentally

BACKGROUND - Heat transfer over heated wires
o Electrically heated thin wires placed in the flow. The wire, being hotter than the flow, loses

heat to the flow. The rate of heat loss from the wire,𝐐𝐭𝐨𝐭, is usually characterized by:
 𝑸𝒕𝒐𝒕 =  𝑸𝒄𝒐𝒏𝒗𝒆𝒄𝒕𝒊𝒐𝒏 +  𝑸𝒄𝒐𝒏𝒅𝒖𝒄𝒕𝒊𝒐𝒏 +  𝑸𝒓𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏

o the rate of heat transfer from the wire,  𝑸𝒘

=  𝐐𝐜𝐨𝐧𝐯𝐞𝐜𝐭𝐢𝐨𝐧, is convicted away through the surface
area of the wire:

  𝑸𝒘 = 𝝅𝒅𝒘𝒍 ⋅ 𝒉 ⋅ (𝑻𝒘 − 𝜼𝑻𝟎

o The convective heat loss can be rewritten to a non-
dimensional form by introducing the use of Nusselt
number:

𝑵𝒖 =
 𝑸𝒘

 𝝅𝒍 ⋅ 𝒌𝒇(𝑻𝒘 − 𝜼𝑻𝟎

Flow:

𝒖, 𝝆, 𝑻𝟎, 𝒌𝒇

Conv. heat flux:  𝑸𝒘

Wire: 𝒍, 𝒅𝒘, 𝑻𝒘

𝑵𝒖 =
𝒉𝒅𝒘

𝒌𝒇
=𝒇 𝑹𝒆,𝑴

o Nusselt number is defined as: o the Reynolds number is:

𝑹𝒆 =
𝝆𝒖𝒅𝒘

𝝁

o In the equilibrium state, the heat convicts away from the wire and balanced by the
power supplied by joule heating:

 𝑸𝒘 =
𝑬𝑾

𝟐

𝑹𝒘

𝑹𝒘 = 𝑹𝒓𝒆𝒇 𝟏 + 𝜶𝒓𝒆𝒇 𝑻𝒘 − 𝑻𝒓𝒆𝒇

Reynolds number
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Figure 1. empirical 𝑹𝒆 − 𝑴 − 𝑵𝒖 correlation [3]

Figure 2. Finding 𝑻𝒘 from calibration[4]

Calibration for wire-specific 𝑹𝒆 − 𝑵𝒖𝒄𝒐𝒓𝒓

Finding effective wire Temperature

o Wire resistance to temperature relation is inaccurate:
diameter uncertainties, material impurities, aging

o Recapping heat transfer relation:

𝑵𝒖 =
𝑬𝟐

𝝅𝒍𝒘𝒌𝒇𝑹𝒘
⋅

𝟏

𝑻𝒘 − 𝜼𝑻𝟎

For set 𝑹𝒘, single effective 𝑻𝒘 will collapse the data

Compressibility Correction

o Compressibility effect scatters 𝑵𝒖

o 𝚽 correction  single 𝐑𝐞 − 𝑵𝒖𝒄𝒐𝒓𝒓 curve

Figure 3. Finding  𝐑𝐞 − 𝑵𝒖𝒄𝒐𝒓𝒓 by 
compressibility correction 𝚽[4]

High speed flows:

Sensitivity relation for perturbations with varying 𝒖, 𝝆, 𝑻𝟎
[2]
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DECOUPLING FLOW PERTURBATION QOANTITIES
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Sensitivity matrix – 3 wire

• External measurement of mean flow
quantities needed

 Decupling instantaneous flow
perturbations achieved

A value function of two objectives is proposed:

𝑽𝒂𝒍 = 𝒎𝒂𝒙 𝒎𝒊𝒏 𝑾𝟏 ⋅
𝜿 𝑨 𝜟𝑨

𝒎𝒊𝒏

𝜿 𝑨 𝜟𝑨
,𝑾𝟐 ⋅

𝑨

𝑨
𝒎𝒂𝒙

𝜿 𝑨 = 𝒔𝒎𝒂𝒙/𝒔𝒎𝒊𝒏- condition-number of a matrix, in this investigation,

Singular Value Decomposition (SVD) is used.

𝑨 - matrix norm and 𝜟𝑨 - perturbation norm are calculated using

the Frobenius norms.

In order to improve invertibility and minimize the amplification of the
errors into the decoupled flow perturbations, we are interested in

minimizing 𝜿 𝑨
𝜟𝑨

𝑨
.

OPTIMIZATION

Value

functi

on

𝑑𝑤𝑖𝑟𝑒 [𝜇𝑚] 𝑇
𝑤𝑖𝑟𝑒

𝐾

1 5 5 10 10 390 400 390 410

2 5 5 10 10 470 500 470 500

3 5 5 10 10 510 530 520 520

4 5 5 10 10 540 540 530 560

5 5 5 10 10 640 650 640 650

EXPIRAMENTAL SETUP

Air supply

Filters

Mass- Flow Controller

Air Heater

Jet Exhaust 
Nozzle

Probe

FUTURE WORK

The most desirable probe is in the 
top right corner of the chart, and 
hence, there are no universally 
dominant probes; instead they are 
scattered along a convex Pareto 
front

A decoupling quality 
parameter can be 
defined:

𝑄𝑅𝑀𝑆 = 𝑄𝑢𝑎𝑙𝑢
2 + 𝑄𝑢𝑎𝑙𝜌

2 + 𝑄𝑢𝑎𝑙𝑇0
2

To assess the best probe 
from the pareto front

Figure 4. Map of the two objectives for all 4-wire probes 
combinations

Figure 13 – Selected 4-wire probes decoupling performance 
comparison for  𝑴 = 𝟎. 𝟗, 𝑻𝟎 = 𝟑𝟓𝟎 𝑲 ,𝑷𝟎 = 𝟏. 𝟕 𝑨𝒕𝒎 , 
𝑨𝒎𝒑𝒓𝒆𝒍−𝒏𝒐𝒊𝒔𝒆 = 𝟏%, 𝑨𝒎𝒑𝑫𝑪−𝒏𝒐𝒊𝒔𝒆 = 𝟎. 𝟓 𝒎𝑽 in terms of 

(a) decoupled 𝝆𝟎 perturbations, (b) decoupled 

Finally In order to asses the 
performance of the decoupling 
a SNR of each quantity is 
calculated.
Optimization of the wire 
temperatures is critical, as 
represented by probe 𝐴∗

o 5 Wire probe construction and calibration
o Decoupling 𝝆, 𝒖, 𝑻𝟎 Fluctuations in a real 

turbomachinery application

Home Made 4-wire 
probe


