Interpretation and Understanding of the K & W Streamline Duct

Edward L. Anderson:
Copywrite June 2004
To understand the factors involving in cooling an aircraft engine, many references are made to the Kuchmann and Weber Study.  However, interpretation of K&W Chapter 12 Cooling is not an easy task.  Of interest here is the information regarding the Streamline Duct used as a diffuser in section 12-13.  This duct offers some advantages in designing radiator diffusers for aircraft, however, the explanation and description in K&W takes a bit of study.   I have provide my understanding in hopes it will aid others in their cooling challenge. 

 This paper targets three topic areas:
· Diffusers In General

· StreamLine Duct

· Importance of Inlet to Core area ( Ai/AB ratio)

· Truncation of StreamLine Duct

Diffusers In General
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 Diffusers in aircraft generally used curved diffuser walls and are traditionally of the Sinsoidal shape shown to the right.  While the intention is to insure the pressure recovered from the dynamic energy of the air flow occurs just before the cooler, in most cases an adverse pressure gradient leads to separation of the airflow from the walls and resulting eddies as shown.  As a result not only do pressure loses occur, but the cooling effect is further reduced by the eddies blocking flow through a portion of the core.  This also results in an uneven pressure distribution across the core surface with greater pressure at the center of flow and less pressure where the flow has been disrupted by the eddies.  The red curve is my nominal representation of this uneven pressure distribution.  This distribution is undersirable as the lower pressure areas within the eddies result in less flow (and therefore cooling) through that region of the core.
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K&W states “ In contrast to this, it is possible to design diffuser walls so that there is no pressure rise (upstream of the core).  For this to be the case, the wall must be curved in such a way that the initial local pressure rise is completely balanced by centrifugal forces.  The wall pressure is then constant and equal to that at the inlet cross section at the beginning of the diffuser (Pi).  The pressure rise must be achieved in a sudden turn at the end of the diffuser…”.  K&W go on to state that they knew of no actual worked-out examples of diffuser contours with constant wall pressure, however, there was one diffuser which approached this theoretical state.  They describe this diffuser, the Streamline diffuser, as a compromise between a constant-wall-pressure diffuser and the conventional diffuser with inflexed walls.  With the Streamline diffuser, a significant portion (approx ½)  of the pressure recover occurs as the walls diverge into a “bell” shaped form. 

The angle by which the airflow is diverted by the rapid curvature of the diffuser wall varies across the face of the cooler core.  It is zero along the center axis of the duct (where the full pressure rise occurs upstream of the block) and (angle) is highest at the ends of the curve where the full pressure rise occurs during the deflection at the block entry.  The red curve is my representation of the pressure distribution across a core surface. The black arrows represent the interaction of the higher pressure distribution in the center of the duct which, if the curvature of the diffuser wall is correctly designed, will prevent airflow separation from the duct wall.  This is the pressure force which counteracts the centrifugal force acting on the air molecule as it curves along the wall.  Looking again at the eddies in the traditional diffuser (above) reveals the fact that the walls of the traditional diffuser actually curve away from the high pressure region.  This further reduces the force of the high pressure region by increasing the distance and volume over which the pressure is distributed and in turn leads to airflow separation and the eddies.  In case of the Streamline Diffuser, the wall shape helps to preclude eddies and more evenly distribute the pressure across the core resulting in improved airflow and cooling.

Higher pressure occurs up stream due to the mass of the airflow at the center of the duct and the resistance it encounters with the core (actually the pressure behind the core).  This shows that normally there is less pressure at the extremes, the net result is uneven pressure distribution across the core face and unequal flow through the core.  Ideally, we would like the pressure distribution to be even across the face of the core.  The Streamline diffuser by the shape of its walls uses this build up of pressure in the center of the diffuser to counter the centrifugal force trying to cause flow separation around the curves.  If implemented correctly, the Streamline diffuser then tends to distribute the pressure more evenly across the core resulting in more efficient cooling.

In summary if the walls of a diffuser are shaped such that they use the higher pressure region in the center of the duct in front of the surface of the core to prevent separation of the airflow by ensuring that the force from the pressure matches and counteracts the centrifugal force trying to force the air away from the wall, then a high efficient diffuser, the Streamline diffuser, results.  The end result is more efficient cooling for the size core used.

Steamline Duct

Fig 12-11 from K&W, shown here, compares the StreamLine and a Conventional diffuser and has created some confusion and controversy over the pressure recover capability of the Streamline duct. A careful reading and study of the description of 12-13 Diffusers is necessary and of the Streamline Diffuser in particular. 
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That being said, K&W and other studies show that the type of duct also makes a significant contribution to the efficiency of heat exchange between a core and the airflow through that core.  One such realizable duct is the Streamline diffuser. 

The lower part of Fig 12-11 shows the two different curves; one each for the Streamline and Conventional Diffuser.  Some erroneously conclude from the figure that it shows the pressure recover of the Streamline diffuser as only 0.48 (48 percent) of the dynamic pressure available (1/2pVi2) because the streamline curve is shown intersecting the vertical axis at 0.48(blue arrow).  

However, that interpretation is incorrect.  What the vertical axis is actually showing is the pressure (P) on the wall of the duct as a pressure differential (P-Pi)  at various distances from inlet to core face.  Not only does the K&W text makes this clear, but also the Fig 12-11 Caption “Measure WALL pressure for two different diffuser shapes.  To get the total pressure you need to also include the contribution of the core to the total pressure increase – which is not shown in this graph, but is reference in the pressure recovery ratio equation in the left upper part of the pressure graph. To make the wall pressure measurement dimenionless, the pressure differential (P-Pi) is shown as a ratio to the total dynamic pressure available or (P-Pi)/( 1/2pVi2).  As the measurements proceeds from the duct entrance (where the wall Pressure (P) equals the pressure at the inlet (Pi) and therefore the pressure differential P-Pi =0) continuing down the duct length various pressure differentials  are measured and shown on the graph.

 As can be seen, the wall pressure differential/dynamic Pressure ratio starts at the duct entrance at near zero, is slightly more than  0.2 at the halfway mark and rises to approx 0.48 at the core face.  So the wall contribution to the total pressure recovered in the case of the Streamline duct is 0.48*(1/2pVi2) or 48% of the dynamic pressure available due to Vi.  Note also that this is for an inlet to core area ratio Ai/AB = 0.4.  The importance K&W of Ai/AB ratio discussed later.

Rearranging the equation, we get that P-Pi = 0.48 (1/2pVi2) which makes it even clearer.  The  maximum pressure differential due to the duct wall is 0.48 (48 %) of the total dynamic pressure available due to Vi.  In other words, this is the contribution of the duct walls to the total pressure recovery and does not reflect the total pressure recovery of the Streamline Duct. The focus by K&W here is on the contribution of the walls of the diffuser to the total pressure recovery, the core’s contribution to total pressure recovery would be essentially the same regardless of duct and that is why it is not explictedly discussed.  The total pressure recovery of the Streamline diffuser is addressed next.

The total pressure recovered by the Streamline Diffuser is reflected by the equation in the upper  left corner or the lower graph, (PB1-Pi)/ 1/2pVi2 = 0.84.  This value reflects the total pressure recovery capability of the Streamline diffuser.  By again rearranging the equation, we have  (PB1-Pi) = 0.84(1/2pVi2 ) or the pressure differential between inlet and core face (PB1-Pi)  is 84% of the dynamic pressure available.  This is a considerable improvement over the 48% wall pressure contribution figure that some have interpreted as being the total pressure recovered.   This percentage (84%) , I think reflects much better the high praise K&W attributed to the Streamline diffuser rather than a paltry 48%.   From this we can see that if the wall contours contributes 48% of the total of 84% pressure recovered, then the remaining 36% comes from the  pressure recovered by the core face interacting with the airflow.  (Actually it is the pressure behind the core that in effects resists this airflow and causes the high pressure region in front of the core face).

Looking at the Conventional diffuser, we see the wall pressure is not constant and actually goes negative in the duct.  This results in a total contribution by its wall of approx 20% as shown by the graph.

So since the same core is assumed with its contribution then the Conventional diffuser total pressure recovery would be 20%(wall) +36%(core) or 56% of the dynamic pressure available.  

So it is clear that the Streamline diffuser represent a marked improvement over the Conventional diffuser.  

Importance of Inlet to Core area ( Ai/AB ratio)
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As mentioned eariler, the Ai/AB (Inlet/Core) area ratio plays an important role in pressure recover.  Figure  12-8 shows the Pressure-Drop Coefficient for a cooler block with various inflow ducts including the Streamline duct of interest here.  Before proceeding, we need to know what the term “Pressure-Drop Coefficient” is referring to in this context.  The Pressure-drop coefficient (KP) is defined as the pressure drop across the core of the cooler and is given as Kp= (PB1-PB2)/( 1/2pVi2) where PB1 is the pressure measured on the face of the core and PB2 the pressure measure at the rear surface of the core.  Note that with Ai/AB 0.4 and greater that the pressure drop is steady at an Kp of 8.4 but as the ratio is dropped below 0.4 Kp begins to increase dramatically.  

A  somewhat more technical discourse follows:

According to K&W to minimize the pressure loss due to flow separation from the duct wall there must be a balance of two forces.  One is the centrifugal force on the air molecules that tends to move the air away from the duct wall.  Think of the curve of the duct wall as the path of a particle swung on the end of an imaginary line of which the center represents the axis of the curve of the wall.  The air molecule on the end of this line is acted on by the centrifugal force as it rounds the curve of the wall.   This is the centrifugal force, which if not countered leads to the air separating from the wall.  Counteracting this centrifugal force is the force from the center of the duct due to the increase in pressure in that region which is a results of the duct/diffuser widening therefore causing an increase in pressure in the duct overall but more so in the center of the duct just before the core.  This region of higher pressure then exerts force toward the region of lower pressure along the duct wall.  If the centrifugal force trying to separate the air particle from the wall is matched by the countering force from the high pressure in the center then no air separation will occur.

Taking a look at the equations shown on Fig 12-11, we have first the terms used:

P    = Pressure due to Duct Wall

Pi     = Pressure at Duct Entrance 

PB1 = Total Pressure at face of Core

Vi   = Velocity of air in Duct Entrance

p    = Density of air

½ pVi2 = Maximum Dynamic Pressure provided by energy of airstream Vi
PB1- Pi = Difference in pressure between core face and duct inlet (Net pressure recovered from dynamic pressure)

(PB1- Pi) /(½pVi2) = Ratio of total pressure recovered at the core face to total dynamic pressure available.

In case of the streamline duct, the ratio of pressure recovered by the duct is (PB1- Pi) /(½pVi2) = 0.84 as shown in the upper left corner of the lower graph of figure 12-11.  We can rearrange the equation to make it clearer, we have (PB1- Pi) = 0.84(½pVi2).  This shows that for the streamline duct the maximum pressure recovered is 84% of the total dynamic pressure available. 

Now of the pressure recovered in the case of the streamline duct, ½ is recovered by the duct walls (shown as 0.48) on the figure and the remainder is recovered by the stagnation pressure build-up in front of the core face.  That implies that the core resistance to air flow (in this case) also contributes approx. 36 % of the total pressure recovered.

The total pressure recovery for the streamline duct is given by the equation shown in the upper left hand corner of the lower graph (PB1- Pi) /(½pVi2) = 0.84.  In other words, the difference between the pressure at the face of the core (PB1) and the inlet pressure (Pi) is equal to 84% of the total dynamic pressure (½pVi2).   

 Thus, the wall pressure (P) contributes approx. 1/2 to the total pressure recovered with the other 1/2 being generated by the core face (actually the pressure behind the core).  The total pressure recovery by the streamline duct is 0.84 % of the dynamic pressure available as shown by the Pb1-Pi/(1/2pVi^2) = 0.84 and not the 0.48 figure.  The 0.48 figure is only 1/2 of the total pressure recovery streamline duct and is that part contributed by the wall  (P- Pi) = 0.48(½pVi2).  Since the total recovery pressure by the streamline duct is 84% then the remaining 36% is produced by the airflow interaction with the core.

Looking at the wall pressure component, we see the vertical axis is labeled with (P- Pi) /(½pVi2). This represents the pressure across the wall of the duct with P being the pressure generated by the duct wall and Pi again the inlet pressure.  So in the case of the Streamline duct the Wall Pressure component (P – Pi) contribution to the total pressure recovery is 42%.  The core resistance to airflow produces the remainder of the 84% pressure recovery.  The Conventional Duct Wall contribution is shown to be approx. 20% of the dynamic pressure available.

A specific core will essentially provide the same degree of "blockage" to airflow regardless of the duct type, generating basically the same contribution to the total pressure recovery in both cases.  But, as shown in figure 12-11 the more "Conventional" diffuser only gets approx. 20 % of the total pressure recovery from its walls.  So while the streamline diffuser approaches 84% total pressure recovery the conventional diffuser would only recover approx. 56% (36% from core pressure recovery and 20% from the wall pressure recover).

So using the Streamline duct can result in a pressure at the face of the core of 0.84 of the total dynamic pressure available due to the inlet velocity Vi.

The following are some excerpts from K&W that will assist the reader to follow the development of the above statement.  Blue wording are direct excerpts from Section 12-13 of K&W, black italicized are the authors comments. 

In most conventional diffusers a large portion of the cooling core has airflow blocked from it by eddies that occur due to separation of airflow along the walls of the duct as shown by the first figure of this article. Based on this observation, K&W relates the following : 

 In consequence, not only do pressure losses arise, but also the cooling effect is reduced because part of the block is not utilized (i.e.the flow is blocked by the eddy). In contrast to this, it is possible to design diffuser walls at which there is no pressure rise (i.e. no increase over the inlet pressure Pi).  For this to be the case, the wall must be curved in such a way the initial local pressure rise is completely balanced by the centrifugal forces.  The wall pressure is then constant and equal to that at the inlet cross section at the beginning of the diffuser (Pi ).

The wall pressure is then constant and equal to that at the inlet cross section ad the beginning of the diffuser.  The pressure rise must be achieved in a sudden turn at the end of the diffuser.  (In other words, if the wall profile has precluded a pressure increase along the wall, then all of the pressure recovered from the velocity of the airflow (Vi) must be accomplished at the end of the duct just in front of the core surface.  This would require a radical curvature of the duct walls outward just before the airflow reaches the core.)  This implies that a constant-wall-pressure diffuser must have a cascade of airfoils behind it to turn the flow and to sustain the suction forces, which correspond to the pressure rise.  The angle through which the flow is turned varies across the block (core) face. (Look back at the top part of figure 12-11 to see how the curvature suddenly varies as the Streamline duct wall approaches the core face into a bell shape).

What may be described as a compromise between a constant-wall-pressure diffuser and the conventional diffuser with inflexed walls is the Streamline diffuser.  The coordinates of a systematic series of two-dimensional diffuser shapes are given in Table 12-1.  In testes on these shapes no flow separation could be detected.  The measured wall pressure (See example in Fig 12-11) show that the diffuser wall and the deflection at the block contribute equally to the total pressure increase from Pi to PB1. (Pi is the duct inlet pressure and PB1 is the total pressure at the face of the core resulting from the contribution by the duct wall (P) and the core.  So PB1 –Pi is the total pressure recovery from the dynamic pressure contribution) This “sharing of the burden “ makes such streamline diffusers easily the best as regards efficient expansion (does this sound like an endorsement based on only a 48 % efficiency?).

We have two factors of importance shown in figure 12-11 lower graph.  The Vertical Axis is a ratio of wall pressure differential  to dynamic pressure given as (P-Pi)/( ½pVi2).  P is the pressure at the wall of the duct and Pi is the pressure of the duct at the inlet.  The difference P-Pi is the pressure differential of the wall pressure to the inlet pressure. ½pVi2 is the total dynamic pressure possible due to the velocity of the airflow and density.  So (P-Pi)/( ½pVi2) = 0.48 for the WALL contribution of streamline duct.  The total pressure recovery is indicated by the other equation on the chart (PB1-Pi)/( ½pVi^2) = 0.84.   In other words, the total difference between the pressure at the face of the core (PB1) and the inlet Pressure (Pi) is 84 % of the possible pressure recovery from the dynamic pressure of ½pVi2.  

This can be see by a slight rearrangement of the equation so that PB1-Pi = 0.84 (½pVi^2).  

Truncation of the Streamline Duct

So as can be seen the Streamline diffuser does offer a quite acceptable pressure recovery of 84% provide the full length of the streamline duct is utilized.  Truncation of the duct from the inlet end may be made.   There will be some diminished pressure recovery due to the lost of that length of the wall’s contribution.   This may have some effect on pressure recovery contributed by the “bell shape” , but so long as it is not truncated into the area of the rapidly diverging walls near the core (i.e. the bell shaped portion of the walls) the effect can be determined.   This region of the diffuser provides approx. ½ of the wall  pressure recover. Since the duct wall makes the Wall contribution to recovered pressure, the closer this length is to the Streamline coordinate length the more of the wall contribution will be achieved.  Truncation will affect the wall pressure contribution – but  the bell shape should provide approx 50% or more of the wall pressure recovery (.48) giving an overall wall pressure recovery of around ..5*48 =  24% for the truncated duct..

Add the core pressure contribution and you have 36%+32% = 68% overall.  Not as good as the full Streamline, but still respectable and better than the un-truncated Conventional diffuser.  I suspect that the first ½ of the duct length does not contribute ½ of the wall pressure component, that more of the wall pressure recovery occurs closer to the core as indicated by the pressure rise of the streamline duct wall pressure component shown on the graph.

In summary, for homebuilt aircraft where space is frequently constrainted, the  Streamline diffuser or even a truncated version  will like provide the best choice for cooling efficiency and minimum cooling drag.

A spreadsheet accompanies this article that calculates the coordinates for a Streamline duct.

Refer to Figure 12-11
  Note that as one travels from the duct entrance, one can see the wall pressure profile of both the Streamline and Conventional duct.  The wall pressure of the Streamline Duct is shown gradually increasing reaching a maximum of 0.48 at the surface of the core.  The Conventional Duct actually shows a negative pressure differential (meaning the pressure inside the duct is less than ambient – due to the Bernoulli effect) before it makes a steep increase to level of at approx. 0.20 or 20%.  So one can reasonably approximate the amount of loss due to truncation of the streamline duct by use of the chart.  For example, if the streamline duct was truncated at coordinate – 1.4 x/YB the wall pressure contribution up to that point was approximately 20% of the total wall pressure contribution.  It is not unreasonable to assume that most of that would never be recovered with the truncated duct.  Even so, that would still leave approx. 22% contribution by the remainder of the duct and the bell shaped area.  This combined with the core contribution would then be approx. 64% of the full streamline duct.     Given the space constraints of most homebuilt aircraft this may represent a reasonable compromise and makes it more amenable to the limited space in many homebuilt aircraft and if properly designed and fabricated can materially improve cooling and reduce cooling drag.

One thing that stands out is that a diffuser efficiency is not independent of the cooling core it services.  The dynamic pressure recovered is dependent in part on the airflow characteristics of the core itself.

There is more pressure build up in front of a core with many fins and tubes that create a resistance to airflow than with a core with less density of fins and tubes.  So while denser cores (within reason – too dense and airflow is reduced) generally provide great heat exchange capacity, the downside is they also offer more cooling drag. So like so many real world situations, selection of the cooling core is a compromise of heat exchange capability and airflow capacity.

The remainder pressure recovery is due to the pressure distribution on the rear of the cooler core reflected as “resistance” to the airflow through the core.







