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The prototype, full size, headbox was installed in the test facility in the Hydraulics Laboratory 
at the School of Civil Engineering at Georgia Tech. This facility consists of a high flowrate 
pump, flow meter, and associated plumbing. The flow meter was calibrated by a weighing 
tank method and the flow system is now operational. A new laser was purchased for the Laser 
Doppler Anemometer (LOA) and a portable carriage system was fabricated to allow use of the 
LDA in the test facility. A special traversing mechanism was built to allow use of the fiber 
optic probe head near to the jet. Preliminary measurements with the LOA of velocity and 
turbulence profiles in the jet were made. The test facility and LOA are now fully operational 
and ready for the detailed measurements to be made in the second year of the project beginning 
July 1, 1996. 
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Headbox Hydrodynamic Analysis and LDV Measurements 

By Philip J. W. Roberts and Agnes Kovacs 

1. Introduction 
The turbulence characteristics of the flow in headboxes are of great importance to the 
pulp and paper industry. It has a major influence on the quality and uniformity of the 
paper produced. The flow entering the headbox has a 3% concentration of paper fibers. 
It is important that these fibers remain in suspension and are oriented in the same 
direction when they leave the headbox. The fiber orientation in the jet at the headbox exit 
is dependent on the three-dimensional flow in the headbox. To optimize the headbox 
design it is vital to know the details of this flow. A major objective of optimization is to 
minimize secondary flows. 

The objectives of this project are to (1) investigate the characteristics of the flow in the 
headbox using accurate laser Doppler velocimeter (LDV) measurements, and (2) to 
explore methods of enhancing the turbulence level for better fiber dispersion and paper 
and board formation. The results of the LDV measurements are presented in this report. 
The methods of enhancing turbulence levels are discussed in a separate report. 

Iq. this report, we describe the experimental procedures used, present the results, and 
summarize the conclusions. An analysis of the flow in a converging channel similar to 
that occurring in a headbox is presented in Appendix A. In this Appendix the governing 
equations and their similarity solution is discussed. 

2. Apparatus 
The LDV measurements were made in a full size prototype headbox test facility installed 
in the Hydraulics Laboratory at the School of Civil Engineering at Georgia Tech. This 
facility consists of a high flowrate pump, flow meter, and associated plumbing. The 
flowmeter was calibrated with a weighing tank. A photograph of the operating system is 
shown in Figure 1. 

The LDV is a one-component system fiber optic system manufactured by Aerometrics. A 
schematic diagram showing the experimental configuration is shown in Figure 2. The 
system works in backscatter mode with velocity computed via a Frequency domain signal 
processor. It was found that no artificial seeding of the flow was necessary, with natural 
seeding present in the water supply providing data rates usually exceeding 100 Hz. The 
laser was a 1 Watt Lexel laser. A portable system was fabricated to allow use of the LDV 
in the test facility. A special traversing mechanism was built to allow use of the fiber 
optic probe head (transceiver) near to the jet and to measure its precise location. A 
second traversing mechanism was built to allow measurement of velocities inside the 
head box. 



3. Results 
Two sets of experiments were done to measure velocities at the jet exit and in the 
headbox. Both sets of experiments were done with and without the guide sheets in place. 
All measurements were done at a flowrate of 50.5 Lis ± 3% (800 gpm) with a jet opening 
of 12.7 mm (0.5 inch). The jet width is 406 mm (16 inches) so the average jet velocity at 
the exit was 9.8 mis. The headloss in the headbox was somewhat higher with the sheets 
installed than without them. 

3. 1 Measurements at the Jet Exit 
Vertical profiles of the variation of the horizontal stream wise, u, and cross-flow velocity, 
v, at the jet exit were made at five horizontal locations as shown in Figure 3. The 
horizontal locations were at y = 2, 4, 8, 12, and 14 inches. The vertical coordinate, z, of 
the point of measurement is the distance from the Lucite attached to the lower surface of 
the slice. The laser probe is placed below the Lucite looking upwards as shown in Figure 
2. Three measurements were recorded at each location. Data were obtained both with the 
separating plastic sheets inside the headbox and with them removed. 

The mean streamwise and cross-flow velocities are shown in Figures 4 and 5. Typical 
streamwise velocities are greater then the average velocity at the jet exit due to the vena 
contracta effect. It can be seen that the streamwise velocity is not exactly uniform. It is 
more uniform with the sheets. In this case, the variation of velocity over the cross section 
is· about ± 3% of the mean value. Without the sheets the variation is almost ± 10%. The 
results also imply some asymmetry of the flow about the jet exit centerline. The flow 
closer to the head box inlet (Y = 14 inches) is less uniform than farther away (Y = 2 
inches). 

The cross-flow velocity is very small, essentially zero, with the sheets installed, implying 
essentially straight streamlines parallel to the headbox axis with negligible secondary 
circulations. The magnitudes are substantially higher without the sheets. For this case, 
the velocities are generally negative to the left of the headbox centerline, and positive to 
the right. This implies diverging flow to the headbox walls. At the far wall (Y = 14 
inches) especially, the velocities are negative near the free surface and positive near the 
middle and lower boundary. This implies a rather strong secondary circulation within the 
jet, which is suppressed by the sheets. 

The_ streamwise and crossflow variations of turbulence intensity (proportional to the 
normal Reynolds stresses) are shown in Figures 6 and 7. They are shown as the 
magnitude of the root mean square (rms) value of the velocity fluctuations about the local 
mean value. 

The rms of the streamwise velocity is smaller and more uniform with the sheets than 
without. Typical streamwise values with the sheets are about 0.3 to 0.6 mis, 
corresponding to relative turbulence intensities of about 3 to 6 %. The crosswise rms 
values are smaller, indicating that the turbulence is not isotropic. Without the sheets the 



rms values are higher and less uniform. Streamwise turbulence intensities are typically 
10 % or greater and is higher near the lower boundary and at the free surface. 

3.1 Measurements in the Headbox 
Measurements of the streamwise, u, and vertical velocity, w, were made inside the 
headbox along the longitudinal axis. The measurements were made at a distance y = 3" 
from the Lucite wall along the centerline of the headbox. The longitudinal variations of 
the mean streamwise and vertical velocities are shown in Figure 8. The corresponding 
rms values of the velocity fluctuations are shown in Figure 9. 

The streamwise velocity increases along the headbox due to the tapering cross section. 
Without the sheets the streamwise velocity is larger near the tube and smaller near the 
slice than with the sheets. With the sheets the velocity increases more uniformly along 
the headbox. The vertical velocities with the sheets are very small. With the sheets, the 
vertical velocity is quite strong, up to about 1.8 mis near the inlet tube bank. This 
velocity is positive, i.e. upwards. It is also positive near the jet exit but with a much 
smaller magnitude, about 0.1 mis. 

The streamwise rms intensities are smaller with the sheets installed than without them. 
This is particularly true near to the inlet tube bank, where typical rms values are about 
twice as large without the sheets. This difference decreases with distance along the 
headbox until the jet exit, where therms values are very close. 

The relative turbulence decreases rapidly with distance along the headbox. With the 
sheets, it from about 40 % near the tube bank to about 3 % near the jet exit. The high 
values near the inlet tubes are presumably due to the shear induced by the individual jets 
issuing from the tubes. This turbulence decays with distance until by the jet exit it has 
been replaced by turbulence due to shear at the top and bottom boundaries of the 
headbox, with typical values around 3 %. 



4. Conclusions 
1) The streamwise velocity of the flow leaving the headbox at the jet exit is more 

uniform with the sheets. 

2) The cross-flow velocities are very small with the sheets. This indicates the 
secondary circulations are virtually eliminated by the sheets. 

3) Cross flow velocities without the sheets can be quite substantial and spatially 
variable without the sheets. This indicates the presence of secondary circulations. 

4) The magnitude of the turbulent fluctuations (expressed as their rms values) are 
smaller and more spatially uniform over the jet exit with the sheets than without. 
Relative turbulence intensities over the jet exit are typically about 3 to 6 % with the 
sheets and are larger without. 

5) The streamwise velocity inside the headbox increases more uniformly with the sheets 
than without them. Vertical velocities in the headbox are essentially eliminated by 
the sheets but can be quite large without them. 

6) With the sheets, the relative turbulence intensity decreases rapidly with distance 
inside the headbox. It is about 40 % near the inlet tubes and about 3 % near the jet 
exit. This is presumably due to the decay of the turbulence intensity associated with 
the multiple inlet jets. 



Appendix A: Flow in a Converging Channel 
The headbox is an important integral part of paper formation. From the hydrodynamic 
point of view it is a converging channel. Figure 1 a shows the simplified geometry of a 
headbox. In this converging channel, we consider a two-dimensional high Reynolds' 
number flow between the two plane walls at x2 = 0 and at x2 = x 1 tan a. There is a 
narrow slit (slice) near the origin through which fluid is extracted. Inside the headbox we 
can assume that the flow divides into an essentially inviscid mainstream with thin viscous 
boundary layers on the walls, as indicated in Figure 1 a. 

The similarity solution presented herein follows the analysis of Goldstein (1938) and 
Acheson (1990). The exact 2-D governing equations are given by 

(1) 

'Where u and v are the velocity components in the x1 and x2 directions, respectively. pis 
the pressure, p is the fluid density and v denotes the kinematic viscosity. The boundary 
conditions at the walls are u=v=O. The inviscid outer flow is purely radial, i.e. 

(r)= g_ 360 = q 
2nr a r 

(2) 

where the flow rate Q is constant and positive and q is introduced to ease the derivation. 
Since, we want to analyze the boundary layer or inner layer near the wall at y=O the radial 
accelerating outer flow becomes U(x)= q/x1. In the outer region the pressure distribution 
comes from 

iU 1 q:, 
-=--- (3) 

Sulistituting the above favorable pressure gradient into the 2-D boundary layer 
momentum equation 

(4) 

we obtain 



(5) 

In the similarity solution u is assumed to be 

q 
u = --/(17) (6) 

X1 

where T} = y/g(x1) and g(x)= x1 .../(v/q) . This implies that the mainstream boundary 
condition for the inner flow is f '( oc )=O. A streamline representation of the flow field 
yields the other velocity component so 

(7) 

which satisfies v=O on x2=0. Substituting the velocity components (6) and (7) into 
equation (5) we obtain 

/'2=1+ /"' (8) 

The no-slip condition u=O on x2=0 is satisfied provided that f '(O)=O. Substituting F(T}) = 
f '(T}) a second-order problem is defined by 

F" + 1-F2 = 0 (9) 

which is subject to boundary conditions; F(O)=O and F( oc )= 1. Integration of equation (9) 
and the application of the boundary conditions lead to the following solution 

(10) 

The boundary layer thickness along the wall is proportional to the distance from the 
origin, i.e. 

(11) 

It is increasing with distance from the origin. This boundary layer is thin if q/v>> 1. 

The above detailed analysis demonstrates the dynamics of headbox flows. However, it 
has ignored several of its important features. The boundary layer in headboxes is a 
turbulent boundary layer that cannot be characterized with one constant turbulent 
viscosity value v along the wall. The structure of this turbulent boundary layer has been 
the subject of extensive research but it is still not well understood. The governing 



equations of turbulent boundary layers and their numerical solutions are summarized e.g. 
in the book ofCebici and Bradshaw (1984). 

The Reynolds equation for the turbulent boundary layer is given by 

(12) 

where ~·x2 is a turbulent Reynolds stress and µ is the dynamic molecular viscosity. The 
similarity solution may be assumed in the form in a form of the logarithmic law of the 
wall 

(13) 

as suggested by Cole (1956). u. =V(t/p) is the shear velocity and K ( - 0.4} is known as 
the von Karman constant. 11 = x2/8 denotes the boundary layer coordinate, where 8=8 
(x1) is the boundary layer thickness. y+ = x2u.lv is known as the wall variable. f(y+) 
represents the logarithmic portion of the near wall flow for y + > 30 : 

(14) 

w(17} is Cole's wake function which for a wide class of flows may be approximated by 

w( 17)= 1- cos l]tr (15) 

In the above equations A and n are constants whose value are determined from 
experiments. A is a function of flow conditions e.g. A can be set to about 5.5 for 
turbulent flow over smooth boundary. Cole's wake strength coefficient IT depends on the 
flow geometry and pressure gradient e.g. Il=0.55 for zero pressure gradient flat-plate 
boundary layer. Adjacent to the wall, the very thin viscous sublayer occupies about 1 % 
of the boundary layer thickness. 

Approximation of the flow with two-dimensional outer and inner layer solutions does not 
provide the details of the velocity field. Secondary flows in the plains normal to the main 
flow cannot be simulated by the above given solutions. Beyond these details, flows in 
heaaboxes have significantly more complex geometry and at the slice free surface 
boundary conditions. Among these circumstances there are two ways to investigate 
headbox flows. Computational fluid dynamics can solve the complete governing 
equations or experiments can be carried out to measure the flow field. This study 
presents the results of an LDV experiment. 
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Appendix B. Supplemental Velocity Records Obtained in the 
Head box 

Two sets of measurements were taken inside the headbox without sheets installed. The 
first one is for 780 gallon/min, the second one is for 802 gallon/min. These records are 
provided on separate files. The locations of the measurements are shown in Figure B 1. 
The nomenclature for these data series is shown in Table B 1. 

Table 81. File Names for Supplemental Data 

Number x (inches) y (inches) 

2 2.5 3 

1 -2 u20.112 ul 5.112 ul0.112 
v20.l 12 v15.112 vl0.112 

2 -3 u20.l 11 u15.111 ul0.111 
v20.l 11 v15.111 vl0.111 

3 -4 u20.l 10 u15.110 ul0.110 
v20.110 v15.110 vl0.110 

4 -25 u20.89 ul5.89 ul0.89 
v20.89 v15.89 vl0.89 

5 -26 u20.88 u15.88 ul0.88 
v20.88 vl5.88 vl0.88 

6 -27 u20.87 ul5.87 ul0.87 
v20.87 v15.87 vl0.87 

The first column refers to the location of these records on Figure B 1. Data sampling rate 
for these cases is equal to or greater than 1 OOHz. 



Figure 1. Photograph of Headbox Experimental Configuration 
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Figure 81. Locations of Supplemental Velocity Measurements 


