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PSL Goal: to simulate the ice crystal icing physics inside
the engine core flow path.

Outline

- Facility Description (very briefly)

- Cloud Characterization Parameter Space
- Aspects Characterized

. Conclusions

Ref: Van Zante, J.F., Bencic, T.J., and Ratvasky, T.P., “Update on the NASA Glenn Propulsion Systems Lab Ice Crystal Cloud
Characterization (2015)”, AIAA 2016-3897, AIAA Aviation Conference, AIAA, Washington, DC, 2016.
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Aero-Thermal Duct Tomography & Raman Cloud Calibration Duct

PSL Facility

Configuration 1:
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PSL Cloud Characterization Envelopes

Ambient Temperature (C)

National Aeronautics an

=10 -

=20 -

-30 -

40 -

-50 -

-60 -

Altitude (kft) Two regions of
10 20 30 40 50 conditions simulated

F—i— l_ ____Ap_p; - Engine Fan Face

— —PSL-3 Icing Op Env. (Honeywell Engine
Cal Regions Tests LFO1 & LF11)

: - Aft of Fan / Inside
| Booster
[
[

(Fundamental Ice
________ - Crystal Icing Study,
Struk et. al)

d Space Administration 2016 HAIC Forum — Toulouse, France



PSL Parameter Space

Airflow Conditions Spray Conditions

« (Duct Geometry) - Nozzle Type & #: Mod1, Std

- Pressure Altitude, PO - Water Pressure, Pwat

- Temperature, TPL - Air Pressure, Pair

- Mach, Air Mass Flow Rate, Wa - Air/Water Temp, Tair, Twat

- Relative Humidity, RHPL - Water Source: City, DI

PSL is Isentropic & Adiabatic - Spraybar Cooling Air Temp and
Pressure

Physics of the Process:

» Liquid water issues from the spraybars.

« Water particles immediately start to evaporate.

» Particles start to chill/freeze as they travel through the plenum and into the
contraction.

« The vapor ...
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PSL Cloud Characterization Elements

« Cloud Uniformity
- Total Water Content

Measurements in Center

Bulk average in Cross-Section
- Particle Size
- Particle Phase and Temperature

Also investigating
- Water vapor radial profile
- Temperature radial profile
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Tomography — near real-time monitoring

E34 CF=2.06 E37 CF=1.78

I

Laszer light

Procedure: - e

» Measure light extinction with cloud OFF (baseline) . oo

« Measure light extinction with cloud ON 5 cor00ss

(extinction due to size and number of particles) : Eﬁ:iﬂi_iﬂ

» Intensity Ratio, I, output at every ‘pixel’ (i, j) l'r'.'.;:‘-’-_j :n
« Calculate avg Intensity Ratio over 1x1-in Center, |y, =il S
» Calculate Concentration Factor, CF, lyy/3; v H:M?:J;T};_g mwu%ﬁwﬁi?‘*iw
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Total Water Content Measurements

SEA, Inc.

Multi-Wire Robust Probe |Iso-Kinetic Probe
(MW) (RP) (IKP2)

All measurements at Duct Center, TWC,
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TWC Measurement Notes
IKP2 (Standard):

- Importance of accurate background RH measurement

Heated Elements:

- Correct for Collection (Collision) Efficiency.
No account for particle bouncing, splashing.

- Minimize flow angularity into MW head.

uuuuuuuuuuuuu

SEA, Inc. WCM-2000 User’s

- Calculate both TWC (100% liquid) and iWC (100% ice). manual
iWC / TWC ~ 0.88

- Particle Phase indicated by MW. Future investigations
with SEA’s Ice Crystal Detector.

Ice Crystal Detector
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Bulk Total Water Content: Calculated

TWC_Wf: Simple calculation assuming uniform distribution
over entire duct based on measurands

- Water Flow Rate (Wf)
- Air Mass Flow Rate
- Sta 1 Static Pressure and Temperature

TWC_Wf BL: Add a cloud boundary layer thickness

TWC_Wf is the basis function for TWC measurements
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Bulk Total Water Content: Measured

Combine Measured TWC,, and Tomography CF.
TWC_Bulk_Meas (g/m3) = ¥ (I;* (TWCyq/log) * Ay ) I ¥ A

Created a CF curve fit based upon Pair and TWC_Wf,
TWC_Bulk_Fit

IKP TWC_Bulk_Fit RP TWC_Bulk_Fit MW TWC_Em_Bulk_Fit
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TWC Bulk Comparison

IKP + Tomography = Water Flow + Boundary Layer

Bulk TWC Bulk TWC
TWC_Bulk_Meas TWC_Wf BL
Bulk TWC Comparison With the same boundary layer
thickness assumption, and
8.0 o IKP TWC Bulk Meas same basis formulation, TWC_Wf
70 | % MW TWC_Bulk_Meas &
’E\ 6.0 |—1:1Line d§
2
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=
él
=]
m|
@)
=
|_
8.0
TWC_Wf_BL (g/m3)
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Particle Size Measurements Artium. Inc.

Phase Doppler Interferometer
PDI

* Particle size (liquid only)

* Particle velocity

* Number density

High Speed Imager

HSI

* Particle size (ice & liquid)
* Shape

* Number density

i
RN

it

Both PDI and HSI are non-intrusive.
Have taken data in two most recent efforts
at center and off-center. Will be reported in future.
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Particle Size Measurements (liquid)

DMT, Inc.

N ~ b Y 4 /.
o .“. " ’ y .-‘.'-." &
\ : 7
e~

Cloud Droplet Probe Cloud Imaging Probe
(CDP) (CIP-GS)

All measurements at Duct Center.
Future ability to shift off-center
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ample HSI Images

Liquid Crystal
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202

i
Loeston: 1838 16 35

st

e - ¢+ & ® ®o »p+ B
e

W

2016031822 1703

Loeation: C\sersiest Diaments ATV Datal) 203}

Rigorn O irtmemmt

Mmmmlmnm .] m—mlmmw%mm Lasd

Rmgors OF It et
e e s . 2 LT IO Ot il(® o ® @ B ¢ v0 » o o
g it == s e e SR Ae s T ittt g WL OO e ey gm0 0G0 gogn PRI DG B goes R o o gonap e o WTE
I ] v s @ e s s 8 o B o sl @ e s o o o @ o o o - = » @ ° o " .
E ey B3 WA o imie SIS W1 180 WNF g 631 MID M e U7 43 I3 BDEL IEM e goe M5 U084 EE T i T wEm e R
16306
- @ @ e e s W e . . » > ® 9 + o
- . il - v et . s - ’ . . . . . - . M7 grm qwe Ums 1A Len ol e U905 g0 o 1 T T
WD B e e peany 16465 16W5 BT o s 16EE 165 kS F T ] ] Lo
16557 Wi j
i seven . P : tv00 @
o & . 2 17 pra. i} 12373 1
» - L ] (E- T e L, e e e N iy ot

&R

W NS AL I6RGD a3 16567 16PE D002 amu 07

. er“c-u—

@ v - . . . . - ~
mams WOM LD M3 sz MO6A WO IGHS s 17 B9I3 g em
. e @@ . 2w .
’ * * . . - . WL +t e @ ¢ @ o - s @ 7 .-, 1% m83 w1 » 2908 3
e 76 s Ine 7B s TS gpes M6 ATEM gmes IS mm0 ymm oms Imn wmn o oaM X ey MEL B e ol L g
[ et =
j 8 + B & s 4 a8 s s + e @ e @ - @ j % . . . o o T ) ) O ]
1755 D7SEL IS MO0 I7EOD ITGOD IFGOD  NMEIS AMIIIME  IMIT IME 1mm e LT Rl L ) 184 omy: 1635 1N 186 o oy garss 19D o Bl B L s
< v 3 :
. . . . - . I = + 8 r ® @ = . . - . -
1N % 1T 7% UMD 17996 1M56 UM LW gy BMOZL IBOSD GOS0 saocD OG0 10D modn MW mosl  1OB0 e LBL30 mmig . ’ ' ’ . . P o 0 « e 9 % . . . .
W sos W o 1R g M HOM on WS e e W00 e
i E i
o b L] . . . & . - . . L ] L -
18258 18258 261 D81 a... M2 N0 w8 B33 e 80 W MO0 BT S0 837 e T
sy e B P P s L N 0 e .0 + 8 : 8
3 = U M7 ey VR e 0 o e US0S ama R R UL T R i 7 B )
¥ W 1535
D . .. 00 00 - ‘. . N
541 IBSS1 8562 1ASAD A5G  1BSES IETS 1SS IRSTS ST 1BsEs R T ] ot = . . - . - . . . - - ‘ , ] . [} - & i
18605 (15435 15487 154 5 15550
L et BT m e 1998 W e O o W T
[ —

Bt Acqpasiton Stopoed

2016 HAIC Forum — Toulouse, France 15

National Aeronautics and Space Administration



Particle Phase & Temperature Meas.

« “Point” measurement at beam waist

- Benchtop success and some success in PSL, with
particles moving at 0.5 Mach

- Development continues

Raman Water Spectra
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Radial Temperature & Humidity Profiles at Station 1
Change, A = (Station 1 — Plenum*) with Cloud On
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Conclusions & Future Work

Cloud Cal Space is 12-parameters with complex interactions
TWC Measurements

- Best measured with IKP2.

- Bulk Measured (IKP + tomography) matches Bulk Calculated.
PSD Measurements (least confidence)

- HSI for ice crystals, but misses smallest particles (< 9 um).

- Investigate off-center measurements.
Particle Phase and Temperature Measurements

- Phase indicated with MW. Ice Crystal Detector in future?

- Progress on measuring with Raman / Fluorescence spectra.

Investigate and document Cloud On radial RH and Temperature profiles
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TWC & radial distribution of particle size

- Scatter in data due to radial MVD effect. CFD predicts larger particles
concentrated at center, while smaller particles more uniformly

distributed.

- This radial MVD profile is not currently incorporated

into the tomography intensity ratios.
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Particle Phase and Temperature

- Raman Spectra can evaluate bonded structure of water in
both liquid and solid phases, as well as temperature.

- Benchtop success

Raman Spectra of DI Water Raman Temperature Calibration
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