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SIMULTANEOUS MEASURMENT OF FLUCTUATING VELOCITY ANDPRESSURE USING TIME-RESOLVED PIV AND MINIATURESTATIC-PRESSURE PROBESTakuya Kawata, Shinnosuke ObiDepartment of me
hani
al engineering, Keio University3-14-1 Hiyoshi, Kohoku-ku, Yokohama, Kanagawa 223-8522, Japanslowhand�z7.keio.jp (T. Kawata)obsn�me
h.keio.a
.jp (S. Obi)ABSTRACTSimultaneous measurement of the �u
tuating velo
ityand pressure is performed 
ombining a miniature stati
-pressure probe and a time-resolved PIV aiming at furtherimprovement in evaluation of the velo
ity-pressure 
orrela-tion. Two stati
-pressure probes were pla
ed in the mea-surement domain of the time-resolved PIV and the instan-taneous velo
ity �eld and the �u
tuating velo
ity are mea-sured simultaneously. The instantaneous pressure �led isestimated from the measured velo
ity �eld by numeri
allysolving a dis
rete Poisson equation for pressure. The valuesof the estimated pressure are 
orre
ted based on the pressurevalues whi
h are dire
tly measured by the stati
-pressureprobe.INTRODUCTIONThe pressure-related turbulen
e statisti
s, su
h as thevelo
ity-pressure 
orrelation, the velo
ity pressure-gradient
orrelation, have been re
ognized as the important prop-erties to understand the transport phenomena in 
omplexturbulent �ows asso
iated with large-s
ale vortex stru
-ture. A number of efforts have been made for simultaneousmeasurement of �u
tuating velo
ity and pressure to evalu-ate su
h pressure-related statisti
s. Following the pioneer-ing development of a miniature-stati
 pressure probe (SP -probe) by Toyoda et al. (1994), simultaneous measurementof velo
ity and pressure at single point using the SP-probeand a hot-wire probe was performed by several resear
hersin
luding authors0 resear
h group (e.g. Naka et al., 2006;Tsuji et al., 2007; Terashima et al., 2012).On the other hand, some attempts have been made tonumeri
ally estimate the instantaneous pressure �eld fromthe velo
ity data measured by a parti
le image velo
ime-try (PIV) (e.g. Obi & Tokai, 2006; Charonko et al., 2010;De Kat & van Oudheusden, 2012). In this method, the ve-lo
ity data measured by the PIV are substituted into thevelo
ity terms in a Poisson equation of pressure, and theinstantaneous pressure �eld is obtained as a numeri
al so-lution of the Poisson equation. This method has a greatadvantage that the instantaneous �elds of both of velo
ityand pressure are obtained, while it still suffers from someproblems su
h as in�uen
e of the noise in
luded in velo
itymeasurement by PIV on pressure estimation and spe
i�
a-tion of the boundary 
ondition.In the present study, the dire
t and sing-point measure-
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Figure 1. S
hemati
s of test se
tion.ment of �u
tuating pressure by the SP-probe and the ve-lo
ity measurement by a time-resolved PIV are performedsimultaneously aiming at further improvement of the a

u-ra
y of the pressure estimation from the PIV data. The SP-probes were pla
ed in the measurement domain of the time-resolved PIV, and the instantaneous velo
ity �elds and the�u
tuating stati
-pressure were measured simultaneously ina turbulent wake of a 
ir
ular 
ylinder. The pressure valuesdire
tly measured by the SP-probe are used to spe
ify val-ues of the estimated pressure �eld, and the validity is dis-
ussed.EXPERIMENTFlow SystemThe test se
tion is s
hemati
ally shown in Fig. 1.The measurements were undertaken in a 
losed-loop water
hannel with the free stream velo
ity U¥ being 280 mm/s.A 
ir
ular 
ylinder was pla
ed in the free stream, and thediameter D was 20 mm. The origin of Cartesian 
oordi-nates was �xed at the trailing edge of the tip, and x, yand z axes were taken in streamwise, transversewise andspanwise dire
tion. The domain measured in the presentstudy was the near region of the 
ylinder wake, 0:6D� x�4:52D, �2:12D� y� 1:88D. The temperature of the waterwas 24.6Æ during the experiment and the Reynolds numberbased on D andU¥ was Re= 7800.1
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Figure 2. Stati
-pressure probe.Flu
tuating Pressure MeasurementThe SP-probe employed for dire
t measurement of the�u
tuating pressure is s
hemati
ally shown in Fig. 2. TheSP-probe was made of transparent material and 
onsisted ofa thin pipe with a 
ir
ular-rounded tip. The outer diameterand the thi
kness of the pipe were 2.4 mm and 0.4 mm,respe
tively. Eight small pressure-sensing holes with thediameter of 0.71 mm were pla
ed on the surfa
e of the pipe.For the �u
tuating pressure measurement, the SP-probe is
onne
ted to the main port of a pressure transdu
er (DP-45, Validyne) pla
ed out of the water tunnel by a tube asshown in Fig. 5. The SP-probe, the tube and the 
avity inthe pressure transdu
er were �lled with water. The pressuretransdu
er was operated in the differential mode, and thereferen
e port was opened to the atmosphere.Due to the elasti
ity of the diaphragm of the pres-sure transdu
er and the vis
osity of the �uid in the thinpipe of the SP-probe, the pressure-measuring system whi
h
onsists of the SP-probe, the tube and the pressure trans-du
er has non-�at frequen
y response. The dynami
 re-sponse of su
h system has been investigated (e.g. Donovanet al., 1991), the relationship between the true �u
tuating-pressure ps and the measured pressure pm are modeled asd2pmdt2 +2wnx dpmdt +w2n pn = w2n ps; (1)where x and wn are the damping fa
tor and the resonan
eangular velo
ity of the system, respe
tively. The amplituderatio A and the phase delay Dq between pm and ps areA = 1p(1�b 2)2+4x 2b 2 ; (2)Dq = tan�1� 2xb1�b 2� ; (3)where b is the frequen
y of the �u
tuating pressure s
aledby wn.Figure 3 shows a s
hemati
s of the system of dynami

alibration of the pressure-measuring system. Two pressuretransdu
ers; the main port of the main pressure transdu
erwas 
onne
ted to the SP-probe pla
ed in the water 
hannel,and the other is outside of the 
hannel and the main port isopened to the atmosphere. The referen
e ports of the pres-sure transdu
ers were 
onne
ted to the pressure 
hamber,
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Figure 3. Calibration of dynami
 response of pressure-measuring system.
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Figure 4. Dynami
 response of pressure-measuring sys-tem; 
ir
le plot, measured values; solid line, pro�le �tted toEq. (2) and (3).in whi
h the pressure was variable by a piston. Sinusoidalinput of pressure variation was generated by an os
illator
ontrolled by a fun
tion generator. The pressure variationwas measured by the two pressure transdu
er, amplitude ra-tio A and the phase delay Dq were obtained by 
omparingthe pressure signals. The variation of A and Dq measuredin the 
alibration are shown in Fig. 4. The resonan
e an-gular velo
ity wn and the damping fa
tor x was evaluatedby Eq. (2) and (3) to measured values of A and Dtheta aswn = 15:2 and x = 0:177. The dynami
 response of thepressure-measuring system shows the peak of A by reso-nan
e at 2.3 Hz and the signi�
ant phase in the frequen
yrange higher than 2 Hz.Instruments and Data A
quisitionThe system for the simultaneous measurement of ve-lo
ity and pressure is shown in Fig. 5 Three SP-probes werepla
ed in a wake of the 
ir
ular 
ylinder. The SP-probe 1and 2 were �xed in the measurement domain of the PIV,at x1 = (4:3D;1:6D) and x2 = (4:3D;�2:1D), respe
tively,and the third SP-probe was pla
ed at the same streamwiselo
ation but outside of the wake for redu
tion of the ba
k-ground noise whi
h was 
ondu
ted in the same manner asNaka et al. (2006). The SP-probes were �xed 10 mm be-low the laser sheet to avoid re�e
tion of the laser. Based onthe frequen
y response measured in the dynami
 
alibra-tion, the pressure �u
tuation in the frequen
y range higherthan 4 Hz were �ltered out and the amplitude and the phase2
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Figure 5. System of simultaneous measurement of velo
-ity and pressure.of those in the lower frequen
y range were 
orre
ted in thepost pro
essing.The PIV measurement was undertaken by a time-resolved PIV system 
omprising a high-speed 
amera(FASTCAM SA3 model, Photron) with a 85 mm lens(Nikkor 85 mm f2.8D, Nikkon) and a 
ontinuous laser(LYPE2-SG-WL532CWLYPE). The resolution of the high-speed 
amera was 1024�1024 pixel2, and White Nylon 12parti
les, whose the mean diameter and the spe
i�
 gravitywere 90 mm and 1.02, respe
tively, were used as a tra
er.The size of the interrogation area was 20�20 pixel2, 
orre-sponding to 1.63�1.63 mm2. The frame rate of the mea-surement was 1000 fps.The image a
quisition of the time-resolved PIV and the�u
tuating pressure measurement by the SP-probes weresyn
hronized by a trigger signal 
reated by the operat-ing PC. Re
eiving the trigger signal, the high-speed 
am-era started the PIV measurement. The trigger signal wasre
orded with the pressure signals from the pressure trans-du
er with the sampling rate of 10 kHz, and the pressurevalues whi
h were a
quired simultaneously with the velo
-ity measurement by the PIV were extra
ted from the mea-sured time-series of the pressure signals by the raising edgeof the trigger signal.Estimation of Instantaneous Pressure Fieldfrom PIV DataThe instantaneous pressure �eld was evaluated fromthe PIV data in the same manner used in Obi and TokaiObi& Tokai (2006). Assuming that the spanwise velo
ity-gradient is suf�
iently small, the Poisson equation for thepressure of the in
ompressible �ow is approximated intotwo-dimensional form as¶ 2p¶x2 + ¶ 2p¶y2 = 2r�¶u¶x ¶v¶y � ¶u¶y ¶v¶x� (4)

where u and v are the velo
ity 
omponents in x� and y�dire
tion.For the Neumann 
ondition for Eq. (4), the spatial gra-dient of the pressure normal to the boundaries was evaluatedusing the 2D-approximated Euler0s equation,¶ p¶n =��¶run¶ t +un ¶run¶n +us ¶un¶ s � (5)with n and s being the normal and tangential dire
tion of theboundary, respe
tively.The numeri
al solution of Eq. (4) was obtained bymeans of a �nite-volume-method. Denoting by P the nodeat whi
h Eq. (4) is dis
retized and those surrounding it byE, S, W and N, a dis
rete form of Eq. (4) isDyDx (pE+ pW)+ DxDy (pN+ pS)�2�DyDx + DxDy� pP = S(6)with Dx and Dy being the grid spa
ing in x� and y�, and Sbeing the sour
e term from the right-hand-side of Eq. (4):S= 2r�¶u¶x ¶v¶y � ¶u¶y ¶v¶x�DxDy (7)The 
ontents of S were 
al
ulated by differentiating the PIVdata. Equation (4) was solved using the iterative solver�lsqr� available in MATLAB R
 with the toleran
e of10�3.RESULTS AND DISCUSSIONThe instantaneous velo
ity �eld measured by the time-resolved PIV is presented in Fig. 6. The 
olor shows themagnitude of the velo
ity ve
tor pu2+ v2 s
aled by thefree stream velo
ity U¥, and the bla
k arrows indi
ate thedire
tion. Figure 7 presents the instantaneous pressure�eld obtained from the instantaneous velo
ity �eld shownin Fig. 6 by solving Eq. (4). The values of pressure ares
aled by rU2¥ . The bla
k arrows indi
ates a heli
al mo-tion of the �uid by the vortex shed from the 
ylinder around(x;y) = (1:2D;�0:25D), and the minimum of the pressurelo
ates near the 
enter of the vortex. Additionally, Fig-ure 7 shows a high-pressure region and a low-pressure re-gion around (x;y) = (4:0D;0:5D) and (4:4D;0:45D), 
or-responding to a low-speed region and a high-speed regionshown in Fig. 6, respe
tively.To verify the estimation of the instantaneous pressure�eld, the a

eleration of the �uid and the pressure gradientare 
ompared. Sin
e the Reynolds number is suf�
ientlylarge, the a

eleration of the �uid should show the similardistribution to the pressure gradient:ax = DuDt = ¶u¶ t +u¶u¶x + v¶u¶y '� 1r ¶ p¶x (8)ay = DvDt = ¶v¶ t +u¶v¶x + v¶v¶y '� 1r ¶ p¶y (9)In Fig. 8 the pressure gradient �¶ p=¶x obtained from theinstantaneous pressure �eld shown in Fig. 7 is 
omparedwith the streamwise a

eleration ax evaluated by Eq. (8).3
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Figure 6. Instantaneous velo
ity �eld measured by thetime-resolved PIV.
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Figure 7. Instantaneous pressure �eld estimated from PIVdata shown in Fig. 6The ax is more jaggy distribution 
ompared to the pres-sure gradient, but the pattern of the sign is roughly similar.The 
orrelation 
oef�
ient between ax and�¶ p=¶x and be-tween ay and �¶ p=¶y are 0.41 and 0.42, respe
tively.Figure 9 shows the r.m.s. values of the pressure �u
tu-ation p0 estimated from the time-resolved PIV data with thestreamlines 
al
ulated from the average velo
ity. To spe
-ify the pressure values, the values of instantaneous pressureat (x;y) = (0:6D;�2:1D) are �xed to zero. It is shown thattwo signi�
ant peak of p0 lo
ates on the outer edge of there
ir
ulation region. On the downstream-side boundary ofthe domain, x= 4:52D;�1D � y � 1D, and on the domain
orner, (x;y) = (�0:6D;1:88D);(4:52D;1:88D), in
reaseof the pressure �u
tuation is observed, whi
h may be at-tributable to numeri
al problems in implementation of theboundary 
ondition. The lo
ation of the SP-probes are indi-
ated by the red 
ir
les in Fig. 9, and the probe 1 is lo
atednear (x;y) = (4:52D;1:88D), and the estimated pressure atx1 might be in�uen
ed.The pro�les of the mean pressure P and the pressure�u
tuation p0 at x = 3D were also dire
tly measured by theSP-probe. Figure 10 
ompares the measured pro�les withthose estimated from the PIV data. The distribution of Pdire
tly measured by SPP shows the pressure minimum atthe wake 
enter, while the results obtained from PIV hastwo maxima beside the wake 
enter and the pressure loss atthe wake 
enter is smaller than that by the SP-probe. Thepro�le of p0 shows two peaks beside the wake 
enter and
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Figure 8. instantaneous distribution of streamwise a

el-eration and streamwise pressure gradient: (a), streamwisea

eleration ax; (b), pressure gradient �¶ p=¶x.
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Figure 9. Distribution of pressure �u
tuation p0 estimatedfrom PIV data.the dire
tly measured pro�le and the estimated pro�le arein quite good agreement.Figure 11 shows the time history of the �u
tuatingpressure at (x;y) = x2 and x1, 
omparing those estimatedfrom the PIV data and dire
tly measured by the SP-probes.In Fig. 11a, it is indi
ated that both of the estimated andmeasured pressure signal show periodi
 time history and theamplitude of the �u
tuation are in the same order with ea
hother However, there is still 
ertain time lag between the es-timated and measured pressure signals, and the 
orrelation
oef�
ients between them are 0.049.The estimated pressure at (x;y) = x1 is 
orre
ted using4
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Figure 10. Distribution of mean pressure P and pressure�u
tuation p0 at x = 3D; dots, estimated pressure from PIVdata; 
ir
le, dire
tly measured pressure by SP-probe.the values of the �u
tuating pressure at (x;y) = x2 as:pest;
orr(x1) = pest(x1)� (pest(x2)� pmeas(x2)) (10)where pest and pmeas stand for the �u
tuating pressure es-timated from the PIV data and that dire
tly measured bythe SP-probe, respe
tively. The time history of the esti-mated pressure, estimated and 
orre
ted pressure and di-re
tly measured pressure at x1 are 
ompared in Fig. 11b.The signals of pest(x1), pest;
orr(x1) shows the �u
tuationof same order with pmeas(x1), but there are still phase lagbetween the estimated and measured time-history of the�u
tuating pressure. The 
orrelation 
oef�
ient betweenpest(x1), pest;
orr(x1) and pmeas(x1) are 0.095 and -0.36, re-spe
tively.The power spe
tra of pest;
orr(x1), pest(x1) andpmeas(x1) are 
ompared in Fig. 12a. The PSD of the mea-sured pressure �u
tuation shows a signi�
ant peak at f =0:17U¥=D, whi
h is 
orresponding to the vortex sheddingfrequen
y, and in the frequen
y range of fD=U¥ � 0:3, thePSD rapidly de
reases due to the �ltering. The PSDs of es-timated �u
tuating pressure also show the peak at the vor-tex shedding frequen
y and the peak magnitude is in goodagreement with that of the measured PSD, indi
ating thatthe pressure �u
tuation due to the vortex shedding is 
ap-tured by the estimation of the pressure �eld from the PIVdata.The 
ross-
orrelation 
oef�
ients with the measuredpressure signals at (x;y) = x1 de�ned asCa(Dt) = a(t)pmeas(t+Dt)pa2qp2meas (11)are plotted in Fig. 12b. The 
ross-
orrelation 
oef�
ientCpest;
orr and Cpest are -0.36 and 0.095, respe
tively, at Dt =0 ms as mentioned above. Comparing the pro�les of the
ross-
orrelations, the maximum value of the 
orrelationslightly in
reases form 0.43 (Cpest ) to 0.59 (Cpest;
orr ) and thelo
ation of the maximum also 
hanges from Dt = 0:09 s
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(b)Figure 11. Time history of �u
tuating pressure. (a): atx2; blue, estimated from PIV data; green, measured by SP-probe 2. (b): at x1; blue, estimated from PIV data; green,estimated from PIV data, 
orre
ted; red, measured by SP-probe 1
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estimated pressureFigure 12. Power spe
trum density and 
ross 
orrelationof pressure �u
tuation at x1; (a) power spe
tra of �u
tuat-ing pressures; (b) 
ross 
orrelation between the estimatedpressure and the measured pressure.(Cpest ) to Dt = 0:16 s (Cpest ;
orr). It is indi
ated that bythe 
orre
tion based on the measured pressure signals at(x;y) = x2, the time history of the estimated pressure at(x;y) = x1 was delayed by 0.07 s, 
orresponding to 77Æ ofthe vortex shedding period and the 
orrelation between theestimated and dire
tly measured pressure was not improved.The velo
ity-pressure 
orrelation up obtained from thevelo
ity and pressure �elds obtained by the PIV measure-ment is shown in Fig. 13. In evaluation of up, the pressure�eld is 
orre
ted in the same manner as Eq. (10), and thevalues of up are s
aled by rU3¥. The velo
ity-pressure 
or-relation up shows two signi�
ant negative minima at the lo-
ations 
orresponding to the peak lo
ations of the pressure�u
tuation shown in Fig. 9. The probe position, (x;y) = x1and x2, are indi
ated by the 
ir
les in the �gure, again, andthe 
orrelation 
oef�
ient up=urmspu at (x;y) = x1 is 0.511.However, in our previous study(Kawata et al., 2011), the upshowed negative values in wide range a
ross the wake. The
orrelation 
oef�
ient between the streamwise velo
ity and5
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ity-pressure 
orrelationup.
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Figure 14. Cross-
orrelation between streamwise velo
ityand �u
tuating pressure; blue, estimated and 
orre
ted pres-sure; green, estimated pressure; red, measured pressure.the pressure measured at (x;y) = x1 is -0.236.The velo
ity-pressure 
ross-
orrelation 
oef�
ient at(x;y) = x1 are shown in Fig. 14, 
omparing those betweenthe streamwise velo
ity measured by the PIV and the esti-mated and 
orre
ted pressure Cupest;
orr , the estimated andnot 
orre
ted pressure Cupest and the measured pressureCupmeas . As mentioned above, the 
ross-
orrelation 
oef�-
ientCupest;
orr andCupmeas are 0.511 and -0.236, respe
tively,at Dt= 0 s, andCupest is 0.372 at Dt= 0 s. It is shown that thevariation of atCupest;
orr is shifted by about -0.06 s 
omparedto the pro�le of Cupest and the pro�le of Cupest;
orr is in an-tiphase of that of Cupmeas , whi
h is 
onsistent with the 
ross
orrelation between the pressure signals shown in Fig. 12.Certain disagreement between the estimated pressureand the measured pressure has been observed although it is
on�rmed that the typi
al frequen
y and the magnitude ofthe pressure �u
tuation were 
aptured by the pressure esti-mation from the PIV data. The disagreement might be at-tributed to the pressure �u
tuation whi
h numeri
ally tookpla
e near the boundary. Further improvement is ne
essaryfor the agreement between the velo
ity-pressure 
orrelationbased on the measured pressure and the estimated pressure.

CONCLUDING REMARKSIn the present study, simultaneous measurement of�u
tuating velo
ity and pressure was 
ondu
ted 
ombiningvelo
ity measurement by time-resolved PIV and �u
tuatingpressure measurement by stati
-pressure probe. The �u
-tuating pressure was dire
tly measured at two points in themeasurement domain of the time-resolved PIV simultane-ously with the velo
ity measurement. The instantaneouspressure �eld was numeri
ally estimated from the instanta-neous velo
ity �eld measured by the PIV and the pressurevalues dire
tly measured by the stati
-pressure probe wereused for 
orre
tion and 
omparison. The estimation of �u
-tuating pressure from the PIV data 
aptured the typi
al fre-quen
y and the amplitude of the �u
tuation asso
iated withthe vortex shedding from the 
ir
ular 
ylinder, although
ertain disagreement between the measured and estimatedpressure is still remained. The disagreement between themeasured and estimated pressure might be attributed to thepressure �u
tuation whi
h numeri
ally took pla
e near theboundary of the domain.REFERENCESCharonko, J. J., King, C. V., Smith, B. L. & Vla
hos, P. P.2010 Assesment of pressure �elds
al
ulations from par-ti
le image velo
imetry measurement. Meas. S
i. Te
h-nol. 21, 105401 (15pp).De Kat, R. & van Oudheusden, B. W. 2012 Instantaneousplanar pressure determination from PIV in turbulent �ow.Exp. Fluids 52�5, 1089�1106.Donovan, F. M., Taylor, B. C. & Su, M. C. 1991 one-dimensional 
omputer analysis of os
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