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ABSTRACT 

The effectiveness of crosswire in controlling the mixing characteristics of a circular 

and an equivalent elliptic jet is investigated experimentally. While circular jets are 

conventional, elliptic jets have gained attention due to their better mixing 

characteristics and faster decay. To further explore and augment the capabilities of 

elliptic jets for practical utility, it is investigated whether using an elliptic jet with 

crosswire control gives additional benefit in mixing enhancement over an 

axisymmetric jet. Experiments are performed for subsonic and choked flow conditions 

with nozzle pressure ratios ranging from 1.2 to 7.0. Time-averaged pitot pressures and 

schlieren visualization is used for diagnosis. The jet bifurcation can be seen in 

controlled elliptical jets at all nozzle pressure ratios (NPRs). Core length is reduced to 

as much as 70% in the elliptic jet and 84% in the case of the circular jet. The core 

length values estimated from the present data are compared with the previous 

investigations. Mean flowfield and the mixing characteristics of free supersonic jets 

from twin and triple converging-diverging nozzles placed in proximity are also 

investigated. The nozzles are designed for Mach numbers 1.5 and 2.0, with an inter-

nozzle spacing of twice the nozzle exit diameter. The typical interaction process and 

the evolution of the triple jet are discussed using cross-sectional contour plots. The 

influence of introducing additional similar jets on the near flowfield characteristics 

such as jet-spread, supersonic core, and the shock wave structure is studied using 

pressure measurements along the jet centerline. As the number of jets increases, the 

spreading rate decreases due to a reduction in the entrainment. This causes the jets to 

decay at a slow rate, and the core length increases in the order of an increased number 

of jets. Schlieren's images of single, twin, and triple jets reveal that the supersonic jet 

core is different in twin and triple when compared with a single plane. A simple yet 

effective approach is presented in the present work to get a reasonable estimate of the 

Mach number from the schlieren images for a Mach 2.0 nozzle jet. Results are 

compared with the numerical simulations for the estimated Mach number from the 

experimental data. The uncontrolled center line pitot pressure decay results obtained 

from numerical simulations are compared with the uncontrolled centerline pressure 

decay results obtained from the experimental. The crosswire tab is used as a passive 

control tool at the nozzle exit in two orientations to study the control effect. 

Schlieren's images reveal that the supersonic jet core is different in a controlled jet 

than the uncontrolled jet. Up to 83% reduction in core length is obtained from Mach 

1.5 using vertical orientation of crosswire passive control at the nozzle ext. From the 

present research, it is evident that the crosswires' performance in multiple jets 

effectively reduces the supersonic core length at all NPRs of supersonic Mach 

numbers and higher NPRs of sonic Mach number. The most effective orientation in jet 

mixing enhancement is the vertical wire (control - 2) among the wire orientations 

studied.  
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 خلاصة البحث 

تم دراسة فعالية الأسلاك المتقاطعة في التحكم في خصائص الخلط لنفث إهليلجي دائري ومكافئ تجريبياً. في حيي  

فقد اكتسبت النفاثات الإهليلجية الانتباه نظرًا لخصائص الخليط الأفليو والأسيري فيي   تقليدية،أن النفاثات الدائرية  

ييتم التحقييف فيميا إكا كيان  عمليية،الإهليلجيية مي  أ يو فائيدة التحلو. لمزيد م  استكشاف وزيادة قدرات النفاثيات 

استخدام طائرة بيلاوية مع التحكم في الأسلاك المتقاطعة يعطي فائدة إضافية في تحسي  الخلط على نفاث متماثيو 

 1.2المحور. يتم إ راء التجارب لظروف التدفف دون سرعة الصوت والمختنف بنسب ضغط الفوهة تتيراو  مي  

للتشخيص. يمك  رؤية التشعب النفاث  schlierenالوقت والتصور بمتوسط  pitot. يتم استخدام ضغوط 7.0إلى  

(. ييتم تقلييو طيول النيواة إليى ميا يصيو إليى NPRsفي نفاثات بيلاوية ملبوطة في  ميع نسب ضغط الفوهة )

الأساسيية المقيدرة مي  البيانيات  ٪ في حالة النفث الدائري. تيتم مقارنية قييم الطيول84و٪ في النفث الإهليلجي  70

التدفف وخصائص الخلط للطائرات الأسري م  الصوت م  يتم أيلًا فحص متوسط  الحالية مع التحقيقات السابقة.

 Mach 1.5النوزلات المتقاربة المزدو ة والثلاثية المتقاربة الموضوعة على مقربة. تم تصميم الفوهيات لأعيداد 

، مع تباعد بي  الفوهة ضعف قطر مخرج الفوهة. تتم مناقشية عمليية التفاعيو النموك يية وتطيور الطيائرة   2.0و  

النفاثة الثلاثية باستخدام مخططات كفاف مقطعية. تمت دراسة تأثير إدخال نفاثات إضيافية مماثلية عليى خصيائص 

صوت ، وهيكو مو ية الصيدمة باسيتخدام قياسيات حقو التدفف القريب مثو الانتشار النفاث ، واللب الأسري م  ال

معدل الانتشيار بسيبب انخفيال السيحب. اللغط على طول خط الوسط النفاث. مع زيادة عدد النفاثات ، ينخفض 

هذا يتسبب في تحلو النفاثات بمعدل بطيء ، ويزيد طول النواة في ترتيب عدد متزايد م  الطائرات. تكشف صور 

Schlieren  فردية والثنائية والثلاثية أن قلب الطائرة الأسري م  الصوت يختلف فيي التيوأم والثلاثيي للطائرات ال

تم تقديم نهج بسيط ولكنه فعيال فيي العميو الحيالي للحصيول عليى تقيدير معقيول لعيدد  عند مقارنته بطائرة واحدة.

Mach  م  صورschlieren  لنفثMach 2.0لعدد الماخ المقيدر مي   . تمت مقارنة النتائج مع المحاكاة العددية

البيانات التجريبية. تمت مقارنة نتائج اضمحلال ضغط البيتوت لخط الوسيط ييير الميتحكم فييه التيي تيم الحصيول 

عليها م  عمليات المحاكاة العددية مع نتائج انحلال ضغط الخط المركزي يير المنلبط التي تيم الحصيول عليهيا 

لأسيلاك المتقاطعية كيأداة تحكيم سيلبية عنيد مخيرج الفوهية فيي اتجياهي  يتم استخدام علامة تبوييب ا  م  التجربة.

لدراسة تأثير التحكم. تكشف صور شليري  أن النواة النفاثة الأسري م  الصوت تختلف فيي طيائرة نفاثية خاضيعة 

 Mach٪ في الطول المركزي مي  83للرقابة ع  نفاثة يير مسيطر عليها. يتم الحصول على تخفيض يصو إلى 

استخدام التو يه الرأسي للتحكم السلبي في الأسلاك المتقاطعة عند تحويلة الفوهة. مي  البحيث الحيالي ، مي  ب  1.5

الواضح أن أداء الأسلاك المتقاطعة في نفاثات متعددة يقلو بشكو فعال م  طيول النيواة الأسيري مي  الصيوت فيي 

صيوتي. الاتجياه الأكثير فاعليية فيي م  عيدد مياخ ال NPRلأرقام ماخ الأسري م  الصوت وأعلى   NPRs ميع  

 ( بي  اتجاهات الأسلاك المدروسة.2 -تحسي  الخلط النفاث هو السلك العمودي )التحكم 
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CHAPTER ONE 

INTRODUCTION 

1.1 BACKGROUND OF THE STUDY 

For many years, flow via nozzles has been examined in various configurations. Nozzle 

flows with air and water as fluids have been extensively researched, owing to their 

ease of availability and widespread applicability. The flow property changes 

associated with nozzle flow have always sparked the scientific and engineering 

communities' curiosity. The flow regimes and attributes of simple converging and 

diverging nozzles have been thoroughly studied during the past many years. The 

introduction of jet engines and their subsequent use as propulsive units for aircraft 

accelerated the research. However, because of their well-defined, homogeneous jet 

development, circular nozzles were first the focus of the research. Aside from that, the 

ease with which it could be manufactured and incorporated into the gas turbine 

engines used by its host aircraft meant that it was preferred over other types of 

nozzles. This chapter caters to the importance of the jets, characteristics of jets, and 

their applications. The aim is to provide the background and motivations for 

undertaking the contemporary study, which catalyzes the rest of the thesis. Section 1.1 

presents the background about nozzle flow.  

 

1.1.1 Jets 

A free jet is characterized as a pressure-driven shear flow that, upon exiting the 

nozzle, has the property that the width-to-axial distance (x / d; where x is any axial 

position and ‘d’ is the local diameter of the jet) is constant (Abramovich, 2020). For 

jet Mach number of 0.2, this constant maintains a value of 8, and the constant 
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decreases as the Mach number increases, because when the Mach number increases 

compressibility comes into the picture, hence the constant decreases (E. 

Rathakrishnan, 2010). 

The free shear layer is propelled by the momentum generated at the nozzle exit 

(Namer & Otugen, 1988). Due to initial instabilities, the shear layer tends to roll up 

and disrupt to form vortices as it exits the nozzle (Figure 1.1). 

 
Figure 1.1 Sideview of the jet development. The arrow implies a streamwise structure 

at x / d  = 3.5 (Liepmann & Gharib, 1992).  

 

These vortices transport the surrounding fluid into the jet, causing mixing. As a result, 

mass flow increases gradually downstream at every cross-section of the jet. The 

ambient fluid momentum is less than that of the fluid elements in a jet emitted by a 

nozzle or orifice. As a result, the fluid masses with higher and lower momentum will 

attempt to achieve an equilibrium, resulting in a decrease in the jet mass's momentum 

released from the nozzle as it propagates downstream. Consequently, the vortices 

increase in size as they travel downstream, and the jet stretches sideways as the 

mixing regions thicken. Therefore, a finite-thickness area with a constant velocity 

distribution forms the boundary between the two jets; this region is known as the jet 

boundary layer. The mixing area is broad enough to penetrate the jet's centerline at 

some distance from the nozzle exit plane. So far, the mixing has not affected the 
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centerline velocity, which remains equivalent to the jet exit velocity. Hence, the region 

enclosed by the two mixing zones with no velocity gradient is the potential core. In 

other words, the region where mixing initiated at the jet boundaries has not yet 

breached the entire flow area, leaving a region with a constant axis velocity close to 

the jet exit velocity (Sforza et al., 1966). Figure 1.2 displays a line representation of 

the growth of a subsonic jet. 

 
Figure 1.2 Diagrammatic presentation of the different zones in developing a subsonic 

jet (E. Rathakrishnan, 2010). 

 

 

1.1.2 Jet Mixing 

Many applications in aerospace engineering divulge that mixing is essential for 

efficient and effective jet performance. Jets are proficient in many engineering 

applications such as thrust vector control, thrust augmenting ejectors, high-powered 

gas lasers, and metal deposition. Jets are flowing from the nozzles of the missile; high-

speed water jets are used for metal cutting. In air-breathing engines, efficient mixing is 

required to control combustion chamber size and enhance combustion efficiency to 

improve the aerospace vehicle range. For effective functioning of combustion cycles, 

mixing at small and large scales is desired. Small-scale mixing focuses on mixing at 

the molecular level, whereas large-scale mixing refers to large-scale vortices' breakup.  
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Since this region's formation is determined by the lateral degree of mixing 

occurring at the nozzle boundaries, the potential core's extent has been found to differ 

from the nozzle exit geometry (Sforza et al., 1966). The transition (Abramovich, 

2020) or characteristic decay (Sforza et al., 1966) is sited forthwith downstream of the 

possible core region. The mixing introduced to the centerline velocity is achieved in 

this area, resulting in a smooth velocity profile with a dramatic decay in the jet 

(Namer & Otugen, 1988). Thereby, the coherent structures developed near the jet's 

boundaries control the jet's initial development (Namer & Otugen, 1988; Roshko, 

1976). The velocity profiles achieve similarity in the axi-symmetric decay field 

(Sforza et al., 1966). 

So, in general, the jet structure is divided into two regions: underdeveloped 

(comprising the potential core region and transition zone) and fully developed. Large-

scale structured and small-scale irregular motions characterize the developing and 

developed regions of the jet, respectively. Furthermore, coherent systems are large-

scale structured motions responsible for mass transport without being highly intense 

themselves. In comparison, small-scale structures known as incoherent structures are 

in charge of mixing promotion (Roshko, 1976). The dynamics of all free shear flows 

are regulated by large-scale coherent structures, which were discovered to play a 

significant role in the entrainment and mixing cycle (Brown & Roshko, 1974). As a 

result of the paring phase, the initial vortices that form in the shear layer are convected 

downstream (Winant & Browand, 1974). This would result in a broader jet spread and 

a lower vortex frequency (Dimotakis & Brown, 1976). In jet shear layers, bulk mixing 

is controlled by large-scale coherent structures, while small-scale mixing is governed 

by turbulent velocity fluctuations (Brown & Roshko, 1974). 
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A supersonic jet varies fundamentally from its subsonic equivalent in 

structure. The degree of expansion, on the other hand, defines the structure of a 

supersonic jet. The potential core is no longer valid due to the shock-cell structure 

close to the nozzle exit. Because of waves in supersonic jets, the centerline velocity is 

not stable inside the core. As a result, it becomes challenging to identify the end of the 

core and measure its length in such jets.  Accordingly, another variable known as the 

supersonic core length is being used to characterize jet mixing. The axial distance 

from the nozzle exit at which supersonic flow prevails is defined as the supersonic 

core length. (Anjaneyulu Krothapalli et al., 1990; Phalnikar et al., 2008; E. 

Rathakrishnan, 2010; Scroggs & Settles, 1996). The remaining areas of the jet are 

comparable to those of a subsonic jet, except where compressibility dominates the 

flow. 

 

1.1.3 Development of Axi-symmetric Supersonic Jets 

A supersonic jet flow is generally defined by similarity factors such as the static 

pressure ratio, n = Pe/Pa, the Mach number at the nozzle exit M, and the angle of 

inclination at the exit of the nozzle contour (Ginevskii et al., 2004). Previous research 

by (Bogdanoff, 1983; Dimitri Papamoschou & Roshko, 1988) has shown that 

compressibility effects minimize the growth rate of the shear layer. As a result, the 

shear layer in supersonic jets grows slower, affecting the jet production process. There 

are three potential expansion regimes in supersonic flow (see Figure 1.3), Where Pa 

(ambient pressure = Pb (back pressure).  

• n = 1 corresponds to the correctly expansion (Pe = Pa).  

• n < 1 corresponds to the overexpansion (Pe < Pa).  

• n > 1 corresponds to the underexpansion (Pe > Pa). 
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Figure 1.3 Classification of jets (E. Rathakrishnan, 2010) 

 

 

The compressibility effect is quantified by the convective Mach number (Mc) 

(Bogdanoff, 1983; D. Papamoschou & Roshko, 1986). Unlike in subsonic jets, the 

influence of compressibility on mixing becomes important in supersonic planar, 

axisymmetric, and non-circular shear layers, leading to the impact of velocity and 

density gradients. As Mc > 0.6, the spreading rate of a plane shear layer falls 

precipitously to around 20% of the incompressible spreading rate (Chinzei et al., 

1986; Clemens & Mungal, 1992; D. Papamoschou & Roshko, 1986). At moderately 

high Reynolds numbers, the shear-layer growth and entrainment in axi-symmetric jet 

configurations are dominated by the evolution of circular, azimuthally coherent vortex 

rings and their progressive merging (Crow & Champagne, 1971). Elliptic and 

rectangular jets have considerably higher entrainment levels than circular or two-

dimensional jets due to vortex self-induction effects (Ho & Gutmark, 1987; H. S. 

Husain & Hussain, 1983; Hussain & Husain, 1989). Three-dimensionality emerges as 

a critical function of the jet structure at a short distance downstream of the jet exit, and 

streamwise vorticity domineers in entraining fluid from the surroundings (Liepmann 
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